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ARGONNE ADVANCED RESEARCH REACTOR 
CRITICAL EXPERIMENTS 

by 

K. E. Plumlee, J W Daughtry, 
T W. Johnson, W. R. Robinson. 
R. A. Schultz, and G. S. Stanford 

ABSTRACT 

Critical experiments were performed to ass is t in 
the design of a high-performance, stainless steel-clad UO,--
HjO core, containing about 60 kg of highly enriched uranium, 
for the Argonne Advanced Research Reactor Measurements 
reported include neutron flux and power distributions cr i t i 
cal loadings, flux levels m irradiation facilities and beam 
tubes, control-blade calibrations, worths of voids and of 
various neutron-absorbing mater ia ls , and temperature co
efficients Pertinent data on neutron spectrum and tem
pera ture , prompt-neutron lifetime and the distribution of 
gamma radiation heating (which was measured by thermo-
lurrjinescent dosimetry) are also given however, some of 
these techniques and detailed resul ts are to be reported 
separately. 

Measurements made in the range of zero to 300 W 
in power level were in good agreement with calculations of 
flux and power ratios for the configurations assembled 
Thus these data extrapolated to 10 peak thermal flux at a 
reactor power of ~240 MW However, the flux per unitpower 
was estimated to be about 15% lower in the design system 
which differed slightly from the cri t ical assembly. 

I SUMMARY 

Crit ical experiments were performed with a stainless steel-clad, 
highly enriched UO^ (HjO-moderated) core, as part of the design of the 
Argonne Advanced Research Reactor (AARR) The resul ts are in excellent 
agreement with the calculated peak thermal-neutron flux of 4.2 x lO' n / c m y 
sec in the internal thermal column (iTC) per watt of power in the fuel region 
fissions. This ratio corresponded to 10 thermal-neutron flux in the ITC at 
~240 MW operating power. The rat io varied slightly with changes in control-
blade configurations and in fuel-loading density, and was est imated to be 
about 15% lower for the design core, which differed slightly from the cr i t ical 
assembly 
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Flux levels at the tips of horizontal beam tubes mside the beryll ium 
reflector were about a third as high as m the ITC peak and varied with 
control-rod positions and other factors. Investigation of the effect of posi
tioning hydrogenous material m the tips of the beam tube produced signifi
cantly increased yields. As much as 15-20% improvement in yield was 
obtained using simple geometry. Further improvement might be found 
using more complicated arrangements. 

The thermal-neutron temperature in the large ITC was measured to 
be ~30°C above the moderator temperature. This result was very close to 
the temperature inferred from the thermal-flux distribution obtained by 
THERMOS computations 

Reactivity gains as great as l j % in a small ITC and 3% in a large 
ITC were measured during experiments with massive voids These mea
surements were needed m designing the ITC facility, to avoid risk of a 
damaging excursion resulting from loss of ITC coolant, air entrainment, 
or other operational difficulty. 

The reactivity-temperature coefficients of these assemblies had the 
same shape and magnitude estimated for the combined expansion coefficient 
of the core structure and the coolant water. 

Europium control blades were significantly more effective than 
hafnium blades in these cores. However, the reactivity taken by the stain
less steel followers used with europium control blades was enough, in the 
peripheral location, that hafnium blades with aluminum followers were as 
effective as europium blades with stainless steel followers In the hardened 
neutron spectrum of the fuel region, the advantage of aluminum blade fol
lowers was much less than near the radial reflector. 



II. INTRODUCTION 

Crit ical experiments have been performed with a stainless steel 
reactor core containing various loadings of highly enriched uranium, in 
support of the design effort for the Argonne Advanced Research Reactor 
(AARR). The core design is for high specific power, and it requires a 
fuel-loading density greater than that previously used in l ight-water-
moderated research reac tors . Without heavy fuel loading, the core life
time would be severely limited by the loss of reactivity accompanying fuel 
burnup, since the core was intended to operate at an average of Ij to 4 MW 
per liter of fuel-region volume. The design loading density was so great 
that the neutron-energy spectrum of the fuel zone included a strong epi
thermal component. Physics charac ter i s t ics a re not as well known for 
epithermal U-H2O systems as for thermal reac tors . 

The cr i t ical experiments served several purposes. Various char
acter is t ics of the design were confirmed, assuring that calculated react iv
it ies, power distr ibutions, and irradiation yields should indeed be achievable. 
Accurate duplication of core geometry, fuel loading, and irradiation facilities 
was necessary for these measurements . Another purpose was to survey 
ranges of geometry and loading, thus examining advantages and disadvantages 
of variations being considered by the designers . In addition, there were mea
surements involving complicated geonnetry, which could not be adequately 
approximated by computation. There were measurements with two sizes of 
ITCs, various reactivity control nnaterials, a graded or power-flattened fuel 
loading, a modified beryllium reflector, beam tubes, and many other com
ponents, all of which are described along with the experiments involved. 

The AARR design was changed late in 1966 to use a lightly loaded 
aluminum core of the High Flux Isotope Reactor (HFIR) type Crit ical ex
periments for the stainless steel core design were terminated. 

Three nnajor in teres ts have governed the preparation of this report 
F i rs t , nnuch of the infornnation presented was considered necessary for 
AARR design, safety analysis , and operating l imits . This interest part icu
larly involves the ITC and the beam-tube experiments. Second, any future 
evaluation of such a stainless steel core for use in a research reactor will 
require a reasonably detailed account of the experiments performed to date. 
Finally, this set of experiments supplements ear l ie r work at Argonne Na
tional Laboratory involving other core designs.'"'* Thus, information is 
now available for a range of fuel-loading density up to 1 kg of highly en
riched uranium per liter of fuel zone, for two sizes of ITCs and for a 
number of compositions of mater ia l s in the ITC, the fuel zone, and the 
radial reflector. 
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ni. DESCRIPTION OF CORE ASSEMBLIES 

Fuel loadings were determined by the availability of fuel, for the 
most part. The first loading was with slightly more than the minimum 
amount of fuel necessary to achieve criticality without deviating from the 
nominal dimensions and the metal-to-water ratio specified for AARR. As 
indicated in Table I, there were five basic core loadings of which four were 
as uniformly loaded as feasible. The final loading was a mockup of a power-
flattened physics reference design^ in which the fuel-loading density was 
graded to compensate for neutron-flux gradients near the inner and outer 
boundaries of the fuel zone. Deviations from the five basic loadings are 
described as part of the experiments involved. These deviations ranged 
from installation of fully loaded fuel subassemblies character is t ic of As
sembly 4, into the first core as a test of the predicted reactivity for core 4, 
to such minor changes as reversing the sequence of a few fuel foils in a 
graded zone to permit measurements of the flux and power distribution 
associated with hypothetical loading e r ro r s . 

TABLE I. Basic Core Loadings 

Assem 
No. 

1 
2a 
2b 
3 
4a 
4b 
5 

bly Ratio by Pieces, 
Fuel/B-SS 

315/none 
615/420 
615/420 
810/810 

1215/1620 
1173/1347 

(1132 eff)/l089 

"*U 
Loading, 

kg 

16,07 
31.40 
31,40 
41,37 
61,49 
59,37 
57,17 

Boron 
Loading. 

g 

0 
220 
220 
425 
850 
707 
572 

Measured 
Reactivity, 

% 
0,4a 
3.6* 
4.8' ' 
2.7 
2.2<: 
3.5= 
4 3d 

^Reflector for Assemblies 1 and 2a was 10% Plexiglas and 90% beryllium by volume. 
Plexiglas and beryllium were in alternating layers 1, 12 and 10.2 cm thick, respectively 
(see Fig. 2), except for a 5, 1-cm top layer of beryllium. 
Plexiglas was effectively removed from the reflector in Assembly 2b and subsequent 
loadings. The layers of Plexiglas below the source tube were relocated to be the base 
for the beryllium, thus supporting the source tube at the original level. The upper layers 
of Plexiglas were removed, and a 2,5-cm-thick layer of beryllium was added. The 
bottom beryllium layer was lifted by 2,24 cm and the beryllium stack was 48,3 cm in 
height after the change, compared to the initial 45,7 cm of beryllium, 

"^Reactivities reported for Assembly 4 were with beryllium-filled aluminum beam tubes 
mstalled. About 0.3% loss of reactivity was attributed to the tube walls and the neces
sarily incomplete filling of beryllium. 
Reactivity reported for Assembly 5 was with a through beam tube located about 5, 1 cm 
from the safety blade, resulting in about 0,2% loss of reactivity. 

T*̂ f f"̂ ' '•^gio" is hexagonal in shape. Its inner boundary is formed 
by the 0.16-cm-thick by 6-cm-wide sides of the small ITC liner or the 
stepped large ITC liner. The outer fuel boundary is the 0.64-cm-thick by 
25-cm-wide slots for the six safety blades as shown in Figs. 1 and 2. The 
active fuel height is 45.7 cm. There ace 1215 fuel positions having ex
changeable contents. Normally the metal- to-water ratio is unity, with 
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Fig. 1. Plan View of AARR Critical Facility 
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112-9031 

Fig. 2. Sectional View of AARR Critical Facility 

0 . 1 - c m - t h i c k m e t a l p l a t e s s e p a r a t e d b y 0 . 1 - c m - t h i c k c o o l a n t c h a n n e l s . A 

fue l p l a t e m a y i n c l u d e u p t o 0 . 1 - c m t h i c k n e s s of s t a i n l e s s s t e e l , o r c o r n b i -

n a t i o n s of o n e o r m o r e 0 . 0 2 5 - c m - t h i c k s t a i n l e s s s t e e l - j a c k e t e d f u e l f o i l s , 

and b o r o n s t a i n l e s s s t e e l f o i l s ( 1 % n a t u r a l b o r o n ) . T w e n t y - s e v e n p a r a l l e l 

p l a t e s a r e p r e s e n t in e a c h s u b a s s e m b l y a s s h o w n b y F i g s . 3 a n d 4 , a n d t h r e e 

s u b a s s e m b l i e s p r o v i d e a u n i f o r m l y s p a c e d 8 1 - p l a t e a r r a y e x t e n d i n g f r o m a 

f a c e of t h e s m a l l I T C to t h e p e r i p h e r y of t h e c o r e . 

T h e b a s i c fue l fo i l i s 5 . 7 - c m - w i d e , 4 5 . 7 - c m - l o n g , a n d 0 . 0 1 - c m - t h i c k 
h i g h l y e n r i c h e d u r a n i u m m e t a l w e i g h i n g a b o u t 5 4 . 3 2 ± 1.0 g ( r m s d e v i a t i o n ) . 
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E a c h fue l fo i l h a s an e n v e l o p e of 0 . 0 0 7 - c m - t h i c k ( o r t h i c k e r ) s t a i n l e s s 

s t e e l and t h e o v e r a l l t h i c k n e s s w a s a p p r o x i m a t e l y 0 . 0 2 5 c m f o r e a c h t y p e of 

fo i l . O n e e d g e of e a c h e n v e l o p e w a s f o r m e d b y f o l d i n g , a n d t h e o t h e r t h r e e 

w e r e s e a l e d by e l e c t r o n - b e a m w e l d i n g u n d e r a b o u t 1 0 " ' a t m v a c u u m . M o s t 

w e l d i n g f a i l u r e s w e r e e v i d e n t w i t h i n a few d a y s ; h o w e v e r , t h r e e f u e l f o i l s 

f a i l e d in t h e c o r e w i t h b a l l o o n i n g of t h e j a c k e t s ; i n o n e i n s t a n c e , t h i s i m 

p e d e d t h e o p e r a t i o n of a c o n t r o l b l a d e . T h e g a s c a u s i n g t h e e x p a n s i o n w a s 
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Uranium 
Weight, 

54.32 

TABLE II. Fuel-foil Description 

Nominal 
Dimensions, in. 

Number 
Available 

Standard Fuel Foil 

18.0 X 2.234 x 0.0044 1259 

Thin Fuel Foil'^ 

51.14 

47.54 

40.68 

29.65 

25.23 

20.50 

16.41 

1 1.32 

9.16 

6.9<= 

18.0 X 2.234 X 0.0041 

18.0 X 2.234 X 0.0039 

18.0 X 2.234 X 0.0033 

18.0 X 2.234 X 0.0025 

18.0 X 2.234 X 0.0020 

18.0 X 2.234 X 0.0016 

18.0 X 2.234 X 0.0012 

18.0 X 2.234 X 0.0009 

18.0 X 2.234 X 0.0007 

18.0 X 2.234 X 0.00055 

9 
51 
35 
36 
15 
36 

9 
15 

9 
15 

25 

Nominal 
Number 
in Fuel 

Assennbly 

27a 

^Except adjoining large ITC. 
"Thin foils usually replaced standard foils. 
^Estimated. 

mostly hydrogen. No water leak was found in the jackets of the three failed 
foils, and it has not been resolved whether there was in-leakage resulting in 
U-HjO reaction. 

The first loading (Assembly 1) contained 315 fuel foils totaling about 
17.2 kg of highly enriched uranium. The fuel was arranged in a regular pat
tern with a nominal pattern of three dummy plates (of stainless steel) to each 
plate loaded with fuel. To maintain a consistent ITC boundary, the six posi
tions facing the ITC were always loaded with fuel. Similarly, the per imeter 
of the fuel region was made up of loaded rather than dummy fuel plates inso
far as feasible. Since a typical row of three subassemblies from the small 
ITC to the per imeter contained 81 positions, there were 60 dummy plates to 
each 21 fuel plates, rather than three to one,' in the first loading. 

Similarly, the second, third, and 4a loadings contained 615, 810, and 
1215 fuel foils, respectively. During loading changes, fuel foils and other 
components were added or removed from the core to keep metal and water 
volumes constant. Natural boron was contained by 1.01% boron-stainless 
steel (B-SS) foils 0.025 cm thick weighing 52 g each. Thus the atom ratio 



26 

of " W ° B was roughly 22 times the ratio of pieces of fuel/B-SS. The cores 
a e sometimL refe'rrld to by the number of fuel ^ - l y ^ - ^ ^ / ^ ^ ^ - ^^^o3V At 
none, 615/420, Slo/siO, 1215/l620, 1173/l347, and effectively 1132/1089. At 
other times, the atom ratio was given. 

The 4b loading was with an enlarged ITC, in comparison to 4a, and 
seven fuel positions were removed from each of six '^t\'''^^''1';f'^Z.a 
facing the ITC in making the room for the large ITC. The 1 173/ 566 load
ing resulting from this change was subcritical. The B-SS content was fur
ther reduced (to 1347 foils) to compensate for the loss of reactivity because 
of the enlarged ITC. 

With the nominal foil thicknesses stated as fractions of the standard 
0.011-cm (0.004-in.) thickness, the graded fuel region of Assembly 5 was 
loaded as follows: Starting next to the ITC in each of the six adjacent 
(altered) subassemblies: 0.22, 0.28, 0.37, 0.47, 0.60, 0.75, 0.91, and 1.0 
At the periphery of the fuel region, only three instead of seven positions 
involved thinner than standard foils. Starting with the outermost foil, the 
fuel positions were loaded 0.42, 0.57. 0.78, and 1.0. Typically, there were 
64 standard fuel foils between regions of reduced foil thickness. Some of 
the subassemblies could not be loaded to obtain graded fuel boundaries. 
Only those fuel subassemblies that were oriented with fuel plates paral lel 
to the boundary of the fuel region could be graded. 

The volumes of various regions were as follows: Small (5.9-cm 
equivalent radius) ITC, 4.8 li ters; large (7.2 cm) ITC, 7.3 l i te rs ; fuel r e 
gion and ITC combined, 77 liters including six interior control-blade chan
nels at 0.55 liter each. The six peripheral safety-blade channels amount 
to 0.76 liter each. 
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IV. INTERNAL THERMAL COLUMN EXPERIMENTS 

A. Measurement of Flux-to-Power Ratios 

1. Purpose 

A figure of mer i t for the maximum neutron irradiation level in 
the AARR ITC is the rat io of peak flux to reactor power, because the power 
level will be limited This ratio was measured in the Critical Experiment 
to verify the calculated resul ts on which the design of AARR was based 
Absolute measurements were made of the ITC flux and of the fission rate 
in the fuel region of Assemblies 3, 4a, 4b and 5 These assemblies ranged 
from two-thirds to fully loaded, and included two sizes of ITCs shown in 
Figs 5 and 6, as well as uniformly loaded and graded, or power-flattened, 
fuel zones 

The ITC flux was measured by irradiation of gold foil, which 
was activation-counted in calibrated equipment. The fission rate was mea
sured by irradiat ion of highly enriched uranium metal foil in the fuel region 
The foil was later dissolved and the yield of Mo was absolutely determined 
Because of perturbations at the boundaries of the fuel region and because of 
depressions in the vicinity of control blades, a number of adjustments were 
nnade in volume-averaging the fission ra tes . 

2 Summary of Results 

The ratio of peak thermal-neutron flux to operating power was 
measured with two ITC sizes and with both uniform and graded, or power-
flattened, fuel loadings. The average value of the thermal-neutron flux was 
4 2 X 10 n /cm -sec per watt of power. All the measured values were within 
15% of the average. Although the average was in excellent agreement with 
calculations for the cores , accuracy of the measurements was not sufficient 
to provide more than qualitative verification of trends and differences that 
had been predicted. Calculations for the reference design which was slightly 
different from the cri t ical cores , gave 15% lower values 

A much more detailed measurement would be necessary to de
termine reactor power levels with accuracy sufficient to make a significant 
improvement over the resul ts already obtained. On the other hand, there 
was no significant discrepancy between experimental and calculated resul ts 

Typical of resul ts that are considered qualitative is the indi
cated 5% increase in peak flux accompanying a change from 0 16-cm-thick 
stainless steel ITC wall to 0.16-cm-thick aluminum. The measurement 
might be in e r r o r by as much as ±2%. However, there is no doubt that a 
detectable increase in peak flux resulted from the change to an aluminum 
ITC wall. 
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3. Thermal Cross Sections for Gold and Uranium in the ITC 

The cadmium-ratio measurements were made using 0.051-cm-
thick cadmium covers, for which the cutoff energy for a l /v detector is 
approximately 0.55 eV. Thus, in the use of l6-group computer-calculated 
spectra for determining the effective thermal-absorption cross sections, 
it is necessary to consider the energy groups Gl6 (0 to 0.1 eV), G15 (0.1 to 
0.4 eV), and part of G14 (0.4 to 1.0 eV). The partial group will be desig
nated G14p (0.4 to 0.55 eV). 

On the assumption that the G14 flux is 1 / E , we calculated that 
the flux ratio <I>i4p/<I>i4 is 0.347. The resulting group fluxes are listed in 
Table III, which also indicates the computer code by which the values were 
calculated. Since the activation by group 14p neutrons is less than 2% of 
the total for 14p, 15, and 16, minor e r ro rs in this cross section are of no 
concern. 

TABLE III, Calculated Relative Groiip Fliixes near Center of ITC 

Assembly 
No. 

1 
3 
4aa 

4b 
5 

Loading 
(fuel/boron) 

315/000 
8IO/8IO 

1215/1620'' 
1173/1347 
1 132/1089'= 

ITC 
Radius, 

c m 

5.9 
5.9 
5.9 
7.2 
7,2 

Normalized Group Flijxes^ 

G14 

0,02437 
0.02614 
0.02704 
0.02106 
0,02038 

G14p 

0.00846 
0.00907 
0,00939 
0.00731 
0.00707 

G15 

0.2402 1 
0.2501 1 
0,2547 1 
0,2143 1 
0.2101 1 

G16 

1.0000 
1.0000 
.0000 

1.0000 
.0000 

Computer 
P r o g r a m 

REX 
R E X 
REX 

MACH-1 
MACH-1 

^See text for identification of groups and source of data, 
^Calculations were actually done for 1215/2000 loading, but the effect of 380 extra boron-

poisoned strips would be small. 
CThe actual number of fuel foils in Assembly 5 was 1173, but the graded regions contained 
thinner than standard pieces. The 1132 effective number is the number of standard foils 
that contain the same amount of ^^^U. 

For groups 15 and 16, the flux-averaged group c ross sections 
used for a l /v absorber at the center of the ITC were the ones provided by 
THERMOS calculations.' These were one-dimensional calculations of the 
space-dependent spectrum in cylindrical geometry, with cell boundary 
conditions imposed midway through the fuel region. For the three loadings 
calculated in this way (Assemblies 1, 3, and 4a), the two cross sections 
were virtually invariant at 0.434 and 0.935 barn (per barn of 2200-m/sec 
cross section). There was little radial variation near the center of the 
r^ . . u ^^^ ^^s^n^ed that these values also apply to loadings 4b and 5 
On the basis of an assumed I / E flux in G14p, the effective l / v cross sec
tion for that group was calculated to be 0.236 barn. 

The effect of deviation from l /v in the gold cross section, for 
014p and G15, was estimated from the curve in BNL-325. The corrections 
used were 47 ± 3% and 18 ± 3%. Table IV lists the group cross sections 
used. 
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T A B L E IV. Ef fec t ive T h e r m a l G r o u p 
C r o s s Sec t i ons for ITC 

F l u x 
G r o u p 

16 
15 
14p 

B o u n d a r y 
E n e r g i e s , eV 

0-0 1 
0 1-0 4 
0 . 4 - 0 , 5 5 

Oi/v/oo 

0,9347 
0.4343 
0 236 

5AU/OO 

0,9347 
0 512 ± 0 013 
0 347 ± 0 007 

The effect ive t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s s e c t i o n s Ogjf, 
a r e c a l c u l a t e d u s ing 

Oeff 
(1) 

Oo Iti ' 

w h e r e O; i s the f l u x - a v e r a g e d g r o u p c r o s s s ec t i on ( r e l a t i v e to JQ. the 
2 2 0 0 - m / s e c c r o s s s ec t i on ) for the i th e n e r g y g r o u p , f r o m T a b l e IV, and "tj 
is the n o r m a l i z e d g r o u p flux f r o m T a b l e III. Tab le V g ives the r e s u l t s The 
u n c e r t a i n t i e s l i s t e d in T a b l e IV in the c r o s s s e c t i o n s for G15 and G14p lead 
to an e r r o r of < l / 3 % in Oeff. It i s a r b i t r a r i l y a s s u m e d tha t the c r o s s s e c 
t ions in T a b l e V a r e good to ±2% 

T A B L E V Effec t ive Gold and U r a n i u m T h e r m a l - a b s o r p t i o n 
C r o s s Sec t ions in I T C s for V a r i o u s Load ings 

A s s e m b l y 
No. 

1 
3 
4a 
4b 
5 

Oi/vAo 

0 8337 
0.8303 
0.8287 
0.8427 
0,8443 

OAU/OO 

0.8494 
0 8466 
0.8452 
0.8572 
0 8584 

025 
( f i ss ion) 

b a r n s 

481 
479 
478 
486 
487 

' 'Au. 
b a r n s 

83 9 
83 6 
83 5 
84 7 
84 8 

4, Effect of E r r o r s in M e a s u r i n g C a d m i u m Ra t io s and in 
E s t i m a t i n g C a d m i u m Cutoff E n e r g y 

R e s o n a n c e a c t i v a t i o n of gold m a k e s it n e c e s s a r y to s u b t r a c t the 
e p i c a d m i u m a c t i v a t i o n f r o m the b a r e foil a c t i v a t i o n in m e a s u r i n g t h e r m a l -
n e u t r o n f lux. T h i s could be a c h i e v e d by mak ing an equa l n u m b e r of a b s o l u t e 
a c t i v i t y d e t e r m i n a t i o n s wi th b a r e cind c a d m i u m - c o v e r e d fo i l s . H o w e v e r , it 
i s m o r e c o n v e n i e n t t o l i m i t the a b s o l u t e d e t e r m i n a t i o n s to b a r e foi ls Use of 
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the cadmium ra t io (CdR) obtained f rom r e l a t i v e m e a s u r e m e n t s of b a r e and 
c a d m i u m - c o v e r e d gold foils p e r m i t s use of the following equa t i ons m e s t i 
mat ing the subcadmium ac t iv i ty As f rom the a b s o l u t e l y m e a s u r e d b a r e 

act ivi ty A^: 

. _ -_ A. C d R - 1 __ . ( . . n . (2) 
CdR Ab 1 - ZdRJ 

dAs _ d(CdR) 1 (3) 
Ag " CdR CdR - r 

As shown by the de r iva t ive of Ag, Eq 3 should not i n t r o d u c e 
significant e r r o r because of e r r o r in m e a s u r i n g CdR. The CdRs for the 
sma l l and l a rge ITCs w e r e 7.42 and 9 11, r e s p e c t i v e l y . Thus an e r r o r in 
CdR m e a s u r e m e n t would cause only - l / 6 . 4 or ~ l / 8 . 1 a s l a r g e a f r a c t i o n a l 
e r r o r in Ag This p e r m i t s s e v e r a l abso lu te d e t e r m i n a t i o n s for a v e r a g i n g 
of b a r e - f o i l ac t iv i t ies r a t h e r than dividing the abso lu t e m e a s u r e m e n t s b e 
tween ba r e and c a d m i u m - c o v e r e d foi ls . 

Any e r r o r in the e s t i m a t e d cutoff e n e r g y of the c a d m i u m -
covered foils affects the ave rage c r o s s sec t ion e s t i m a t e d for g r o u p 14p. 
Using in tegra l notat ion, we can show the a v e r a g e c r o s s s ec t i on of g r o u p 14p 
to be a s t r a igh t fo rward function of the cutoff ene rgy , as fo l lows: 

fEcd 
/ a{E)<I>(E) dE 

' 0 , 4 

' ' O 4 

X ( E c d ) 

Cd ~ Y ( E c d ) ' 
0(E) dE 

d°i4p _ 1 dX X dY 1 r dX X dY 1 
dEcd Y d E c d " Y^ d E c d " Y [ d E c d " Y d E c d J 

* ( E c d ) -

f 
' '0 ,4 

'Cd 
0(E) dE 

[a (Ecd) - o,4p] (4) 

Assuming that 0(E) = O O / E , we get 

d o u p / o u p °E(-

d E c d / E c d " OHP ^n ( E c d / 0 . 4 ) " - ° ^ ' (5) 

T a b L % v ^ ^ ' ' " ' ' ^ ' ' ^ " ' ° ""̂  " ^ ""' ° " ^"^^ ^""^ °Mp/98 .86 = 0,347 ( f rom 
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T h u s , u n d e r the cond i t i ons of t h i s e x p e r i m e n t a f r a c t i o n a l change 
of about 0 1 in E ^ d c h a n g e s o^p by about 7%. Such an e r r o r is neg l i g ib l e b e 
c a u s e the c a l c u l a t e d r e a c t i o n r a t e for g r o u p 14p is l e s s than 2% of the to ta l 
for g r o u p s 14p, 15, and 16. The 0.1 e r r o r in Ef^d would affect the c a l c u l a t e d 
r e a c t i o n r a t e by ~0.2%, wh ich i s l e s s than the m e a s u r i n g e r r o r for a b s o l u t e 
ac t iv i ty of gold 

It can a l s o be shown tha t in c a l c u l a t i n g Ag the effects of t r a n s 
m i s s i o n of s u b c a d m i u m n e u t r o n s by the c a d m i u m can be n e g l e c t e d , a long 
wi th t he e p i c a d m i u m a b s o r p t i o n by the c a d m i u m . T h e r e f o r e , for t h e s e m e a 
s u r e m e n t s the c a d m i u m can be c o n s i d e r e d t o be a p e r f e c t f i l t e r wi th a s h a r p 
cutoff at 0,55 eV, wi th n e g l i g i b l e e r r o r in the a b s o l u t e flux m e a s u r e m e n t 

S i m i l a r m e a s u r e m e n t s w e r e m a d e wi th highly e n r i c h e d u r a n i u m 
foi l s . B e c a u s e the c a d m i u m r a t i o s w e r e l a r g e r (60 and 90) than wi th gold 
(7.4 and 9 1), the e r r o r s a r e s m a l l e r than with gold. Howeve r , the l a r g e r 
t h e r m a l c r o s s s e c t i o n s of the u r a n i u m foils r e q u i r e d g r e a t e r c o r r e c t i o n s 
for t h e r m a l - e n e r g y s e l f - s h i e l d i n g and flux p e r t u r b a t i o n s which a r e d i s 
c u s s e d in Sec t ion 5 d i r e c t l y be low 

5. F o i l S e l f - s h i e l d i n g and O u t e r F lux D e p r e s s i o n 

In 1-mil gold, t h e r e i s a l a r g e amoun t of s e l f - s h i e l d i n g at t he 
4 . 9 - e V r e s o n a n c e . H o w e v e r th i s does not p e r t a i n to the p r e s e n t d e t e r m i 
na t ion of t h e r m a l flux, s i n c e only the s u b c a d m i u m c o m p o n e n t of the b a r e -
foil a c t i v a t i o n is u s e d for the flux d e t e r m i n a t i o n 

In the t h e r m a l - e n e r g y r e g i o n the ef fec ts of both s e l f - s h i e l d i n g 
and ou te r flux d e p r e s s i o n w e r e c o r r e c t e d using the following equa t ion 

Ag $ [ I / 2 - E 3 ( T ) ] / T 

^ = " x ^ = o ; : i + [ i / 2 - E 3 ( T ) j g ' <^^ 

w h e r e A^ and Ou a r e the u n p e r t u r b e d t h e r m a l ac t i va t ion and flux i> i s the 
t h e r m a l flux a v e r a g e d ove r the v o l u m e of the foil, T is the op t i ca l t h i c k n e s s 
(S^ t ) of t h e foil , and E J ( T ) i s the t h i r d - o r d e r exponen t i a l i n t e g r a l . The f ac 
to r g i s a funct ion of the foil d i a m e t e r , foil t h i c k n e s s , and m e d i u m s u r r o u n d 
ing the foil . The gold and u r a n i u m foils u s e d in t h e s e e x p e r i m e n t s w e r e 
0.28 c m in d i a m e t e r . F o r t h o s e fo i l s , in a w a t e r m e d i u m , g is a p p r o x i 
m a t e l y 1.4. 

If we u s e an effect ive O^ of 84 b a r n s for gold. T for a 1 1-mil 
foil IS 0 0139, l ead ing to G = 0 .946. 

F o r t he e n r i c h e d (93.2%) u r a n i u m fo i l s , the s e l f - s h i e l d i n g and 
f l u x - d e p r e s s i o n factor . G i s to be c a l c u l a t e d u s ing the to ta l a b s o r p t i o n c r o s s 
s e c t i o n (693 b a r n s at 2200 m / s e c ) , m u l t i p l i e d by the va lue of Oj/v/oo f r o m 
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Table V. The resu l t ing va lues of G a r e 0.824 and 0.694, r e s p e c t i v e l y , for 
the 1-mil foils used in A s s e m b l y 3 and the 2 - m i l foils u sed in A s s e m b l y 5. 

6. F lux De te rmina t i ons 

The unpe r tu rbed s u b c a d m i u m flux Og at the loca t ion of the foil 

is given by 

Os = 
PAg 

NOeffG 
(7) 

where Ag is the subcadmium s a t u r a t e d ac t iva t ion pe r g r a m of foil, p i s 
the densi ty of the foil m a t e r i a l , G is the c o r r e c t i o n fac to r for self-
shielding and flux d e p r e s s i o n , N is the n u m b e r of a t o m s p e r c m of foi l , 
and Ogff is the s p e c t r u m - a v e r a g e d s u b c a d m i u m a b s o r p t i o n c r o s s s e c t i o n 
f rom Table V. Table VI l i s t s the ca lcu la ted fluxes for the s even r u n s tha t 
were nnade. 

TABLE V I . Measured ITC Fluxes tor Assemblies 3. 4a. 4b, and 5 

Assembly 

No. 

3 

48 

4b. Run 50-151 

Run 50-156 

5. Run 53-1 

5, Run 54-5 

5, Run 54-6 

Foil 

Au 

Au 

Au 

Au 

Au 
235u 

Au 
235u 

Au 
235u 

CdR 

l±10«,l 

742 

7,42 

9.11 

9,11 

9,11 

90 

9,11 

90 

9,11 

90 

C d R - 1 

CdR 

(±2*1 

0887 

0887 

0890 

O890 

0,890 
0989S 

0,890 
09893 

0.8)0 
09893 

Saturated Activit ies, 

sec'^ g " l 

Ab 113%!'' 

2 4 1 X 10* 

15.91 X 10* 

728 X # 

38.2 X 108 

278 X 10* 

275 X lOl l '^ 

38.9 X 10* 

45.4 I 10""^ 

277 X 10* 

46.2 X 108 

As lEq. 21 

(±41) 

2 . 1 4 x 1 0 * 

1411X 10* 

6.48 X 10* 
34.4 X 10* 

24.7 X 10* 

27,2 X loU '^ 

34.6 X 10* 

44.9 X l O " 

24.6 X 10* 

45.7 X lO'l"^ 

Oell. 

I l rom Table VI . 

barns 

83.6 

83.5 

84.7 

84.7 

84.8 

487 

84.8 
487 

84.8 

487 

Subcadmium Flux. 

»s-

n/cm2-sec 

(±5*1 

8.85 X 10* 

58.4 X 10* 

26.4 X 10* 

140.3 X 10* 

1M.9 X 10* 

102.3 X 10* 

141.0 X 10* 

142.8 X 10* 

100.2 X 10* 

105.7 X 10* 

''A[, is the saturated specific activation of the ta re (oi l . 
CFissions/q. 

In Assembly 5, foils of both uranium (2 mils) and gold were 
used in the ITC, on three occasions. As can be seen from Table VI, there 
is good agreement between the gold and uranium resul ts . The first mea
surement in Assembly 5 (Run No. 53-1) was combined with an experiment 
for which there were several anomalously heavy fuel plates in the graded 
region near the ITC. As in the other cases, the calculation was performed 
for the core as it was when the run was made. In Run No. 54-6 the mea
surement was repeated with the regular graded loading. The results agreed 
within experimental precision. 

-̂ Absolute Determination of'Total Core Power 

^- General Considerations. The reactor power was deter
mined by absolute fission counting of uranium foils or fuel samples. Using 
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the known reactor running t ime we could then determine the fission rate 
during the run for the sample or samples analyzed Although there are 
limits on the accuracy of estimating core power from such numbers it is 
possible to get numbers that are meaningful within stated limits Fair ly 
elaborate flux and power mapping would be necessary for substantially 
improved accuracy 

Theprincipal uncertainty lies in the process of numerical in
tegration over the core vol-:;me. The most c lear-cut case occars when all 
blades are withdrawn and crit icali ty is controlled bv water level In this 
case, the radial and vert ical fission-product t r ave r se s taken under the 
same conditions can be used directly to determine the actual power at 
which the reactor was running (However relating such resul ts to the 
normal fully reflected operation of the reactor becomes somewhat tenuous ) 
The measurements in Assembly 4b. and one in Assembly 5 were done in 
that manner. In Assembly 3, the measurement was made with a full top re 
flector, and with crit icali ty controlled by a cluster of three blades. The 
power depression in the vicinity of the control blades was not known in de
tail, and the uncertainty limits a re larger . The same sort of problenn a r i ses 
for the measurement made in Assennbly 4a, where criticality was controlled 
by means of two partially inserted control blades on opposite sides of the 
core. 

None of the above-mentioned operating conditions corresponds 
to the anticipated operating configuration in AARR which is with peripheral 
blades banked somewhat below the top of the fuel and internal olades banked 
at the level required for crit icali ty (which changes during the lifetime of a 
core) Consequently, measurements were made in the graded loading 
(Assembly 5) with both water- level cri t ical and banked-blade cr i t ical con
figurations. For the lat ter , the per ipheral blades were banked with their 
tips 2.5 cm below the top of the active fuel and crit icali ty was obtained 
with the tips of the in-core control blades approximately 5 cm below the 
midplane of the core. 

The ITC fluxes reported here are normalized to 1 W of core 
power, for the actual operating configurations of the cri t ical assembly 

b Numerical Integration, The f ission-rate determinations 
were made near the midplane of the core and near the center of a 27-plate 
subassembly The fission foil was retained in a 0 1-cm-thick aluminum 
spear, which was inserted in the selected water channel Experiments in
volving analysis of fuel-plate samples were done m Assembly 4b to inves
tigate the relationship of these water-channel measurements to the actual 
fission rate in the fuel. 

The following five steps were performed m estimating the 
core power-
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(1) Since the f iss ion r a t e is not c o n s t a n t a c r o s s the wid th 
of a fuel p la te , a factor cons is t ing of the r a t i o oi the a v e r a g e f i s s i on r a t e 
a c r o s s the fuel plate to the m e a s u r e d f i ss ion r a t e at the c e n t e r of the p l a t e 
was used . On the b a s i s of the a b o v e - m e n t i o n e d f u e l - s a m p l i n g e x p e r i m e n t s 
in A s s e m b l y 4b, plus w i r e - a c t i v a t i o n m e a s u r e m e n t s , the va lue 1,03 i- 0.01 
has been used 

(2) A mult iplying fac tor i s needed to c o n v e r t the f i s s ion 
r a t e obse rved for a foil in an a luminum s p e a r be tween the fuel p l a t e s to 
the f iss ion ra te in the fuel. F r o m the e x p e r i m e n t s in A s s e m b l y 4b , t h i s 
factor was m e a s u r e d at 1.16 ± 0 02 Such a m e a s u r e m e n t was not m a d e in 
A s s e m b l y 3, but the factor would be expected to be somewha t s m a l l e r in 
that co re , s ince the l ighter fuel loading should lead to l e s s sh ie ld ing of the 
f iss ion foil by the fuel. Consequent ly , for A s s e m b l y 3 the a r b i t r a r y f ac to r 
1.12 ± 0,04 was used. 

(3) A factor for v e r t i c a l ave rag ing can be ob ta ined by 
n u m e r i c a l in tegra t ion of v e r t i c a l f i s s i o n - p r o d u c t t r a v e r s e s in the fuel r e 
gion, given in Section V,D below F o r the b lade c r i t i c a l s in A s s e m b l i e s 3 
and 4a. the factor is 0.77 ± 0.04. F o r A s s e m b l y 4b ( w a t e r - l e v e l c r i t i c a l ) , 
the factor was 0 65 ± 0.03. (This fac tor i s for the e n t i r e fuel r eg ion , i n 
cluding the p a r t not covered by the w a t e r ) The f a c t o r s for A s s e m b l y 3 
w e r e obtained s i m i l a r l y . 

(4) A factor for r ad ia l ave rag ing can be obta ined f r o m the 
r ad i a l t r a v e r s e s . However , because of the v e r y s t e e p g r a d i e n t s at bo th the 
inner and outer boundar ies of the fuel zone, and b e c a u s e of the g e n e r a l l y 
nonhomogeneous na ture of the co re the u n c e r t a i n t y in the r e s u l t (as e s t i 
mated by varying some of the input quan t i t i e s ) i s of the o r d e r of ±8% The 
rad ia l fac tors used for A s s e m b l i e s 3, 4a, and 4b w e r e 1 06 1 1 8 and 1,11, 
r e spec t ive ly , each with an ass igned e r r o r of ±8% F o r A s s e m b l y 5, the 
fact that the loading was graded m a d e the r e s u l t l e s s s e n s i t i v e to the v a l u e s 
at the inner and outer boundar ies of the c o r e , the e r r o r a s s i g n e d in tha t c a s e 
was ±5%, 

(5) Fo r the runs m a d e with s o m e of the c o n t r o l b l a d e s in
se r ted , the reduct ion in f iss ion r a t e n e a r the i n s e r t e d c o n t r o l b l a d e s m u s t 
be taken into account. Data a r e not ava i l ab l e to p e r m i t t h i s f a c to r to be 
much be t t e r than a rough e s t i m a t e , but for A s s e m b l y 3, s o m e g u i d a n c e can 
be had from F igs , 31 and 32 in Chap te r V. The f i g u r e s i nd i ca t e tha t the flux 
IS d e p r e s s e d by a factor of about two, over a p p r o x i m a t e l y a four th of the 
co re volume. Averaged over the c o r e , th i s r e d u c e s the p o w e r by 12 ± 4% 
leading to a mult iplying factor of 0 88 ± 0 04 F o r A s s e m b l y 4a two p e r i p h 
e r a l cont ro l b lades w e r e a p p r o x i m a t e l y four- f i f ths i n s e r t e d , inducing a p e r 
turbat ion e s t ima ted to be a p p r o x i m a t e l y t h r e e - f o u r t h s a s l a r g e as for 
Assembly 3 Thus the b l a d e - p e r t u r b a t i o n fac to r u s e d for A s s e m b l y 4a 
was 0.91 + 0.05 
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In the absence of detailed three-dimensional f ission-rate 
surveys for the banked-blade configuration, the blade-perturbation factor 
must be estimated for the two runs in Assembly 5. Some relevant infor
mation can be taken from Fig, 60 (later in this report) , which shows ver
tical activation t r averses made near a half-inserted control blade. The 
uranium foils for the power measurements were slightly below the level 
of the tips of the interior blades, and in the middle of an adjacent fuel 
assembly. Thus it can be inferred that the flux at the foil position was 
approximately 5% less than the asymptotic value. 

Some approximate averaging over the volume of the core 
on the basis of Fig. 60, leads to an estimated blade-perturbation factor of 
0.85 ± 0.05, including the 5% allowance for the foil position. 

c. Results and Discussion. The data are summarized in 
Table VII, which gives the calculated power for each run, and also the 
calculated flux per watt of core power. 

TABLE V I I . Measured Reactor Power and ITC Thermal-neutron Flui per Watt 

Assembly No. 

Run No. 

Criticality controlled by 

Reactor running time, sec 

lOlO fissions/g at test point 

Correction Factors 

( I I Average across fuel plate 

(2) Rate in luel/rate in channel 

(3) Vertical average 

(4) Radial average 

(31 Blade perlurtution 

Composite (actor: 

Reaction rate, averaged over core, 

lO' fis/g-sec 

Uranium present, kg 

Core power, watts 

Flux in ITC. 108 cm'^ sec"' 

(from Table IVI 

Flux/watt o( core power. 

l O ^ c m ' ^ s e c ' ' w ' 

3For Run 53-1, there were (our extra-thick fuel plates in the graded region near the ITC. 

I>S5% ol Fuel was flooded. 

^In-core blades banked with tips - 5 cm below midplane o( core; peripheral blades hanked witfi tips -2 .5 cm below top o( luel . 

<1?7% of (uel was flooded, 

^Analysis ol sample punched from center o( fuel plate. 

'Runs were made with water-level control. 

^Average of gold and uranium results. 

3 

Blades 
675 

l.;4 1 W 

1.03 t I t 
1.12 t n 
0.77 1 5 * 
1.06 t n 
0.88 1 5 * 

0.83 1 11* 

1,52 t 13* 
44,4 
21.8 1 13* 

8.85 t 5* 

4.2 1 0,6 

4d 

Blades 

•m 
7,04 1 5 * 

LIB 1 1* 
1.1612* 
0.77 1 5 * 
1.18 1 8 * 
0.91 i 5* 

0.99 t 11* 

7,24 1 12* 
66,0 
154 1 12* 

58.4 1 5* 

3 8 t 0.5 

4ti 
50-151 

Water Level" 
985 

4.18 i 5 * s 

1.03 1 1* 
e 

0.65 1 5 * 
1.11 1 8 * 

f 

0.74 19.5* 

315 t 11* 
63.7 
64.8 t 11* 

26.4 1 5* 

4.1 10,5 

4b 
SO-166 

Water Level" 
1900 

39,8 t 5* ' 

1,03 t 1* 
e 

0,65 1 5* 
1,11 1 8 * 

1 

0,74 H . S * 

15,56 1 11* 
63.7 

3201 11* 

140.3 1 5* 

4,4 t 0.5 

5 
53-1* 

Banked Blades^ 
329 

4,64 1 5* 

1.03 t 1* 
1.16 1 2 * 
0,76 1 5* 
1,04 1 5 * 
0,85 1 12* 

0,80 t 14* 

11.31 1 15* 
61.6» 

224 t 15* 

101.6 1 4*9 

4.53 10.70 

5 
54-5 

Water Level<l 
389 

8.29 1 5 * 

1.03 1 1* 
1,16 1 2 * 
0,57 1 5* 
1,03 1 5* 

1 

0 .7018* 

14.93 1 9* 
61.5 

297 1 9* 

141.9 1 4*9 

4.8 1 0.5 

5 
54-6 

Banked Blades^ 
535 

7.971 S» 

1.03 1 1* 
1,1612* 
0.76 1 5* 
1.03 1 5 * 
0.85 t 12* 

0.80 1 14* 

11.84 1 15* 
61.5 

235 1 15* 

103.0 t n 9 

4,39 10,70 

Table VII indicates that, considering the rather broad e r r o r 
l imits , the peak thermal-neutron flux in the ITC, per watt of core power, is 
roughly the same for all the runs, which include two ITC sizes, several blade 
and reflector configurations, and several fuel configurations. All the flux 
values lie within 15% of the average value, which is 4.2 x 10 cm" sec 
watt" ' . The experimental precision is not sufficient to confirm the slight 
dependence on loading density that is indicated by theoretical calculations, 
which predict a 10% reduction in the flux-to-power ratio in going from 
Assembly 1 to Assennbly 4a . ' 
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The m e a s u r e m e n t s e x t r a p o l a t e to a peak t h e r m a l - n e u t r o n 
flux at 100 MW of approx ima te ly 4 x lO''* n cm"^ s e c " ' and at 240 MW of 
c lose to lO'" n cm"^ s e c " . 

As s ta ted e a r l i e r , the des ign c o r e c a l c u l a t i o n s w e r e l e s s 
favorable than those for the c r i t i c a l e x p e r i m e n t . 

B. M e a s u r e m e n t of Neutron T e m p e r a t u r e and E p i t h e r m a l Index in 
ITCs by Cadmium Ratios 

Before i r r a d i a t i o n of s a m p l e s m the AARR ITC, p r e l i m i n a r y e s t i 
m a t e s will be needed of r eac t iv i ty r e q u i r e m e n t s , r e a c t i o n r a t e s , y i e l d s , and 
cooling p r o b l e m s to be encounte red . Convent ional ly th i s r e q u i r e s c r o s s s e c 
t ions ca lcu la ted as functions of neu t ron t e m p e r a t u r e (T) and e p i t h e r m a l index 
(r) c h a r a c t e r i z i n g the n e u t r o n - e n e r g y d i s t r i bu t i on of the ITC. Both the m e a 
s u r e m e n t and the appl icat ion of those t e r m s encoun te r s o m e a p p r o x i m a t i o n , 
n e v e r t h e l e s s this method p r o v i d e s a s y s t e m a t i c b a s i s for i r r a d i a t i o n 
expe r imen t s 

Wes tco t t ' s coef f ic ien t s ' and t e r m i n o l o g y a r e u s e d u n l e s s i n d i c a t e d 
o the rwise . Other informat ion than W e s t c o t t ' s t a b l e s was o c c a s i o n a l l y n e c 
e s s a r y . F o r infinite dilution condition, the f l u x - a v e r a g e d c r o s s s e c t i o n of 
a m a t e r i a l is ca lcula ted by 

^a = a„(TTo/4T)'^^[g(T)-^rS(T)J, (8) 

where a„ denotes the absorp t ion c r o s s sec t ion for 2 2 0 0 - m / s e c n e u t r o n s , TQ 
is the neut ron t e m p e r a t u r e co r r e spond ing t h e r e t o . T is the effect ive t h e r m a l -
neut ron t e m p e r a t u r e , g(T) i s the r a t io between t h e r m a l - n e u t r o n a b s o r p t i o n 
by the isotope and that of a l / v m a t e r i a l having the s a m e 0^, r i s the r a t i o 
between e p i t h e r m a l and t h e r m a l - n e u t r o n flux and is often r e f e r r e d to a s the 
e p i t h e r m a l index, and the coefficient S(T) r e l a t e s r e s o n a n c e a b s o r p t i o n to 
t h e r m a l absorp t ion . F o r a p u r e l / v c r o s s sec t ion , g(T) = 1 and S(T) - 0 
Severa l m a t e r i a l s havmg r e s o n a n c e s wel l above the c a d m i u m cutoff have 
g(T) = 1 even though S(T) / 0. W e s t c o t t ' s coef f ic ients u s e d m th i s r e p o r t 

a T I ' g k " " r f r / F " " V ^ ^ ^ ^ 1 - " t h e r m a l - e n e r g y d i s t r i b u t i o n jo ined 
a t 4 . 9 5 k T t o a l / E e p i t h e r m a l n e u t r o n - e n e r g y d i s t r i b u t i o n 

is o f t e n ^ r m f " " " T ° ^""'^^ ° ' " ' " " ' " ^ " ' ( m e a s u r e d at infini te d i lu t ion ) is otcen wr i t t en accord ing to 

CdR = g(T) + rS(T) 

rS(Tj + r P ( T ) (9) 

which may be solved ins tead for the e p i t h e r m a l index r a s in 

r = , g(T) 

CdRls(T) + P (T) j - s ( f ) (10) 



If the infinite-dilution CdR is not available, modified versions of Eq. 9 must 
be used. The adjustment to infinite dilution may be estimated from reports 
by Jacks ° or Baumann,' and modified equations are indicated by Chidley, 
Turner , and Bigham.'^ 
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Regardless of the procedure followed, the t e rms and coefficients 
must be carefully examined to determine if they are appropriate for the 
intended use. As a simple example, Westcott apparently uses absorption 

resonance integral RI, which is correct 
for reactivity calculations, in determin
ing S(T). For indium foils, this is 35% 
greater than the activation resonance 
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Fig. 7. Plot of Trial (r) for Determination of 

Neutron Temperature in Large AARR ITC 

i n t e g r a l . 11,13 which should be used with 
activation cadmium-rat io measurements . 

Figure 7 gives t r ia l values of r 
resulting from measured CdRs and as 
sumed tempera tures . The information 
required for these plots is tabulated in 
Tables VIII and IX. The plot of r versus 
T for Lu cuts sharply across the other 
plots and indicates a reproducible value 
of T for which Eq. 9 or 10 is satisfied. 
The plot for ' " L U CdR would shift by 
about ±5°C within the range of co r rec 
tions and adjustments considered to be 
subject to the discretion of the 
experimenter . 

« 
On the other hand, the assignment 

of reasonable e r r o r limits to the gold. 

TABLE VIl l , Cadrnjum Ratios in ITC and Correction to Inltnite Dilution 

Foil Material 

12.5* Lu-AI 

l '6tu 

" ^ u 
90* Mn-Cu 

80* Mn-Cu 

Au 

17* U-«l 

4 * Dy-AI 

In 

Foil 

Thickness 

0.040 

00064 

0.0102 

0,1X125 

0.0051 

a0660 

0,0203 

0.0030 

0.0127 

Size, cm 

Widtti 

2,54 Isql 

0,617 Idjam) 

0.559 IdlamI 

1.0 mi 

0,817 (diami 

a599 IdlamI 

1559 tdiam 

0.818 IdiamI 

a559 (diam) 

AARR ITC* 

131.41 ILI 

2.52 ILI 

44 ISI 

50 ILI 

7.42 ISI 

9.11 ILI 

6 0 t U t S I 

9 0 1 9 ILI 

8,2 ILI 

AHFR ITC" 

-

55 I C l t -21 

10.5 IC- l l 

9.4 IC-21 

72 1 14 IC- l l 

31 1 1 IC-21 

312 1 80 IC- l l 

290 1 30 IC-21 

14.7 1 0.6 IC- l l 

135 1 0.2 IC-21 

Factor^ 

-10 
0.956 

LOO 

1007 

0.390 

0,390 

L055 

1055 

L0li2 

\SXi 

Loot 

1006 

0.464 

0.443 

0.443 

Inlrnite-dilulion CdR 

AARR ITC' 

131.41 ILI 

2,40 ILI 

44 IS) 

SO a i 

i8»(SI 
3.55 ILI 

633 ISI 
95,0 ILI 

4.34 ILI 

AHFR ITC 

55 
4.10 

3,67 

77,9 

33J 

314 

292 

707 

6,54 

' S and L dislinquist) t>etween large and small (lux trap. 

'K-\ and C-? are two difterent core loadings.' 

^Data (rom Refs. 10 or 11. TMs (actor includes thermsl-dui depression, cadmium thickness, and indnite-dilution corrections. The correction 

tor l^^u would reduce the measured neutron temperature by atnut 3°C. However, it was omitted pending a revised value Mrtiich is nearer 

unity, per telwtwne conversation with N. P. Baununn (SRLI. 
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TABLE IX Use of Activation Cadmium Ratios in Determining 

Neutron Temperature ITnl and Epittiermal lnde» Ir) 

Isotope 

115|n 

Au 

235u Fission 

17ilu 

" 5 L U 

Mn 

Assumed 

T, "C 

20 

40 

60 

80 

100 

20 

40 

60 
80 

icn 
20 
40 
60 
80 

100 

20 
40 
60 
80 

100 

20 
40 
60 
80 

20 
40 
60 
80 

100 

gIT) 

1,0192 

1,0231 

1,0271 

1,0310 

1,0350 

1,0053 

1,0064 

1,0075 

1,0086 

1.0097 

0.9759 

0.9711 

0,9665 

0,9662 

09581 

1,7011 

1,8373 

1,9769 

21175 

2.2576 

1.00 

LOO 
LOO 
LOO 

LOO 
LOO 
LOO 
LOO 
LOO 

SHI 

13,M3 

13,47* 

1391^ 

14,3(? 

14,71= 

17,30 

17,88 

18,44 

18-98 

19,51 

-0,0502 

-O0410 

-0,0324 

-0,0244 

•0,0169 

1.669 

L218 

0.757 

0,303 

•0.13O 

- 3 , c 

-41C 

- 4 2 6 ' 

-if 

0,666 

0,689 

0.710 

0.731 

0.752 

aFor 115|n activation, the activation resonance integral 

P, J, Persiani , ANL Reactor Ptiysics Constants Center 

PITI 

0,482 

0,497 

0512 

0.528 

0.562 

0,482 

0,497 

0512 

0,528 

0.562 

0482 

0,497 

0,512 

0,528 

0,562 

-0169 ' ' 

-0.174" 

-0.11<P 

-0.185" 

-O.I97I' 

0.482 

0.497 

0.512 

0.528 

0.482 

0.497 

0.512 

0528 

0562 

was taken Irom A, 

Newsletter No. 11, 

Denominator 

ol Eq, 9 

45,645 

47,147 

48.648 

50.054 

51.570 

45.826 

47,358 

48,840 

50.273 

51.746 

41.071 

43.361 

45.594 

47.866 

5L801 

183326 

138.887 

93,451 

49117 

6,874 

55,757 

58.593 

60.869 

62.867 

56,734 

58,611 

60,390 

62219 

64.948 

E, McArthy and 

Result ing 

' 
0,0223 

00217 

0,0211 

O0206 

00201 

O0219 

00213 

O0206 

0,0201 

00195 

O0238 

00224 
00212 

0.0201 

0.0186 

0,0093 

O0132 

0.0212 

0.0431 

0.3284 

0.0179 

0.0171 

0.0164 

0.0159 

0,0176 

0.0171 

0,0166 

0.0161 

0.0154 

Neutron Resonance Integral 

and Age Data IJan 19651, 

t̂ At cadmium cutofi energy, ttie 176LU cross section appears to be -0.35 as large as calculated tor a 

l/v cross section, using ttie 2200-m/sec cross section ol l^^Lu, and PtTI for l/v absorbers was mu l t i 

plied by this factor. 

^Approximate SfTI values were obtained for 175LU from K, H, Beckurts and K, Wirtz. Neutron Ptiysics 

IL, Dresner's translation). Springer-Verlag. New York Inc. 11964), 

indium, and '̂̂ U fission measurements results in overlap such that any 
temperature within the range shown is at least a possibility that might 
satisfy Eqs. 9 and 10. The manganese and '^^Lu plots are mutually in 
agreement, but those data are incompatible with data from gold, indium, 
and '̂ U fission. Surprisingly, Westcott's S(T) values based on absorption 
RI for indium would cause apparently good agreement with the manganese 
and '̂ ^Lu data rather than with gold and '̂̂ U fission. That discovery led 
to a literature search for alternative choices of S(T) used by other experi
menters. Chidley, Turner and Bigham'^ had used equations, coefficients, 
and correction factors implying possibly -18% smaller S(T) values for 
manganese than shown by Westcott'' or an equivalent e r ro r in Jacks ' 
curves'" for correction of manganese CdR to infinite dilution. Use of the 
terms implicit in Ref. 12, rather than those of Table IX for the manganese 
S(T)'s, brought the manganese data into reasonable agreement with gold, 
indium, and '̂ U fission. However, the r estimated from gold data would 
be drastically affected by such a procedure. It was concluded that the 
Ref. 12 value of OfSo = 0.534 was probably the best available value for 
manganese foils of the size and composition normally used. The Westcott 
S(T)'s for manganese are larger, but it is not clear whether the S(T) or the 
correction to infinite dilution should be changed. 
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Reference 14 recommends a remeasurement of the manganese 
resonance integral. In addition, a noticeable d iscrepancy" is found between 
measured and calculated resonance integrals for manganese (i e calculated 
from resolved resonances), and this clearly suggests that the measured 
value should be higher Comparison of the r values given by gold and man
ganese foils in a large D^O-fiUed ITC shows that manganese gives a larger 
value for r than does gold, which is the opposite of the results for AARR 
ITC. This suggests again that the difficulty may result from e r r o r s in 
resonance self-shielding correct ions Improvement of c ross-sec t ion data 
for manganese would ass is t in experiments such as neutron-source stan
dardizations by the manganese bath technique as well as measurements of 
the variety reported herein 

Although a perturbation in the neutron-energy distribution of the fuel 
region would not be expected to extend as far into the ITC as the axial location 
where these measurements were made, there appears to be strong self-
shielding of the manganese resonance activation by the stainless steel fuel 
cladding This is discussed further in Section IV. Self-shielding may have 
had some minor effect on the manganese data, but the close agreement of 
manganese with ^Lu indicated by Fig 7 suggests an e r ro r that is common 
to both 

Finally, comparison with a summary of pulsed-source time-of-flight 
measurements * of the spectrum in H,,0 indicated that the neutron tempera
ture in the AARR ITC was detectibly above that expected for a large H^O 
region. Table III-5 of Ref. 15 indicated a measured neutron temperature of 
26 ± 15°C in 18° HjO, or 8 ± 15° from the H2O temperature The foil data of 
this experinnent would not indicate lower tha^ 45°C neutron temperature 
under any likely method of analysis, and the reported value is 50-60°C. com
pared with an H2O temperature of about 26°C. (The measurement followed a 
temperature-coefficient experiment ) Thus this experiment indicated a neu
tron tempera ture of 29 - 5°C above the moderator temperature However, 
the value reported depends almost entirely on the " ' L U data and could easily 
be affected by a few degrees (±5°C) within the range of possibili t ies subject 
to the discretion of an experimenter 

The data of Tables III. IV and V are sufficient for calculation of a 
neutron temperature that should be representat ive of the best available cal
culational methods The value for Oi/v/oo = 0 8443 for Assembly 5. from 
Table V, can be used to solve for the ITC neutron temperature using a r e 
written version of Eq 10, and noting that g(T) = 1 and S(T) = 0 for l / v 
cross sections 

Tn = (V4)(OoAa)'[g(T) + rS(T)f To, 

T„ = (7r/4)(oo/aa)'To = 32 3 5 

)r To, ^ 
y (11) 

K J 
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The ca lcula t ions w e r e for r o o m - t e m p e r a t u r e (293 6°K) m o d e r a t o r ; 
t he r e fo r e the ca lcu la ted neu t ron t e m p e r a t u r e is 30°C above the ITC HjO 
t e m p e r a t u r e , compared with 29 ± 5°C m e a s u r e d by foil a c t i v a t i o n ^ Ch id ley , 
T u r n e r and B i g h a m ' ' c la imed h igher p r e c i s i o n than ±5°C, u s ing Lu, m a n 
ganese , and indium foi ls . The AARR e x p e r i m e n t s did not i nc lude a l l the 
n e c e s s a r y m e a s u r e m e n t s of the i r method; howeve r , t h e i r e q u a t i o n s and 
coefficients yield a neu t ron t e m p e r a t u r e v e r y c lose to the c a l c u l a t e d va lue 
when modified to use the ava i lab le data , the gold da ta being an excep t ion 

E r r o r s of ±5 or ilO°C might affect typ ica l l / v c r o s s - s ec t i on c a l c u 
la t ions by 1 or 2%, which should not g r e a t l y weaken i r r a d i a t i o n p r e d i c t i o n s 
for AARR. N e v e r t h e l e s s , the a g r e e m e n t ind ica ted h e r e is not a s f i r m a s 
might be de s i r ed , even with wel l -known m a t e r i a l s such as gold, m a n g a n e s e , 
and indium This r a t h e r lengthy d i s c u s s i o n was in tended to i l l u s t r a t e t he 
difficulty that could be encoun te red in planning ITC i r r a d i a t i o n s in AARR, 
as well as to supply the de ta i led in fo rmat ion r e q u i r e d 

An ITC neu t ron t e m p e r a t u r e that is h ighe r than expec t ed for an H2O 
region might be a t t r ibu ted to neu t ron diffusion into the ITC f r o m the s u r 
rounding fuel region Again, as s ta ted in r e g a r d to the m a n g a n e s e CdR, 
such an effect extending to the axis of the ITC would be s u r p r i s i n g , and 
other explanat ions may eventual ly be found 

The data l i s ted in Table VIII, in Ref 3, and e l s e w h e r e i n d i c a t e d tha t 
the cadmium ra t io s w e r e lowest m the s m a l l ITC and with the g r e a t e s t fuel 
loading densi ty . Higher c a d m i u m r a t i o s than in AARR, excep t for ^^^U f i s 
sion, could be achieved in AHFR. ' Much h igher c a d m i u m r a t i o s a r e a c h i e v 
able with g raph i te , be ry l l i um, or D^O than with H2O m o d e r a t o r As an 
example , in a 97 5% DjO-fil led ITC 68 by 68 c m squa re , ^ gold and m a n g a n e s e 
cadmium ra t ios were 80 ± 5 and 400 ± 50, r e s p e c t i v e l y The h i g h e r c a d m i u m 
ra t ios appear to be achieved at a lower t h e r m a l - n e u t r o n flux 

C- React ivi ty Worths of Boron and C a d m i u m A b s o r b e r s in the ITC 

M e a s u r e m e n t s w e r e made of the r e a c t i v i t y w o r t h s of d i lu te b o r i c 
acid (H3BO3), and of va r ious s i ze s and n u m b e r s of (hollow) c a d m i u m t u b e s , 
in the sma l l ITC. These m e a s u r e m e n t s w e r e m a d e only in A s s e m b l i e s 3 
and 4a. The a b s o r b e r s ranged f rom dilute s a m p l e s to heav i l y shadowed 
a r r a y s , posi t ioned as shown by Fig 8 S a m p l e s w e r e w i t h d r a w n m d i v i d u -
ally during r e a c t o r opera t ion Reac t iv i t i e s w e r e m e a s u r e d by r i s i n g p e r i o d s 
or by con t ro l -b lade compensa t ion 

t r ih t /^ i*" ^ " " . r ® ^ reac t iv i ty wor th p e r s q u a r e c e n t i m e t e r of a b s o r b e r d i s -
t r ibu ed along he axis of the ITC in a . c o r e - l e n g t h s a m p l e is p lo t t ed in F i g 9 
as a function of sample absorp t ion c r o s s sec t ion in s q u a r e c e n t i m e t e r s Both 

Data fTom ^ \ " V ^ ^ ' ' " ' '""^ s igni f icant , even with f a i r ly s m a U s a m p l e s . 
Data f rom these m e a s u r e m e n t s a r e l i s ted in T a b l e s X, XI, and XH 
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Fig. 8. Sample Positions in the SmaU 
and Large ITCs, Used for Boric 
Acid. Cadmium, Aluminum, 
and Teflon Samples 

Fig. 9. Reactivity Worth of Various Sizes of 
Absorben in ITC of Assembly 4a 

TABLE X. Reactivity ol Boric Acid and Lucite in ITC of Assembly 3 

Sequence ol 

Sample Removal 

Last 

Third 

First 

Second 

Fourth 

Total of five 

Position 

(radiusl. 

cm 

ao 
1.59 

3,18 

4 . » ledge) 

5.33 Icornerl 

• 

1.27-cm-diam 

Lucite Rod. 

i l l 

aoos 
0.009 

0,009 

0,006 

0.006 

0.038 

HjO-li l ied 

Lucite Tube.3 

* 
OOO) 

C.«>l 

0.004 

O003 

OO 
0.015 

HjBOj-f i i ledl ' 

Lucite Tutw.^ 

% 
-0.018 

-0.018 • 

0.016 

-0.016 

-0.010 

-0,078 

Net Reactiv 

ol 21,7 mg 

% 
-0.02? 

-0.022 

-0.020 

-0.019 

-0010 

<i 
B. 

1-0.093 lor 0.108S 9I 

2200-m/sec 

Cross Section 

ol 21.7 mg B": 

0912 

0912 

0912 

0912 

0912 

14,561 

Average 

Reactivity/cm^ 

% 
-0,0241 

-0,0241 

-0.0219 

-0.0208 

-0.0110 

-00201 

"The Lucite tube was 1.27-cm OD and 0.95-cm ID and extended ttie full height o( the core. 

bThe boric acid concentration was 3.81 9/liter for samples in Assembly 3, and 3.65 f i l t e r lor Assembly 4a. 

CTtie ?200-m/sec cross section lor natural boron was taken to be Og " 'SS barns, or 42.03 cm^/g. 

TABLE X I . Reactivity ol Boric Acid in ITC ol Assembly 4a 

Sequence of 

Sample Removal 

Last 

Third 

First 

Second 

Fourtti 

Total ol lii'e 

Position 

(radius), 

cm 

00 
1.59 

3.18 

4.58 ledge) 

5.33 Icornerl 

-

MjO-filled 

Lucite Tube.^ 

% 
-0.002 

-0.002 

- 0 0 0 2 

-0.002 

-0.002 

-0 .01 

H3B03-lilled'> 

Lucite Tulw.^ 

t 

-0.011 

-O016 

-0012 

-0010 

-0012 

-O061 

Net Reactivity 

ot 20.6 mg B. 

% 
-0013 

-O018 

-O014 

•0012 

-0014 

I-O071 for 0104 gl 

2200-m/sec 

Cross Section^ 

of 20.8 mg B 

0874 

0874 

0874 

0874 

0874 

14.371 

Average 

Reactivity/cm^. 

% 
-O0149 

-O0206 

-O0160 

-O0137 

-00160 

-00163 

*Tlie Lucite tube was 1.27-cm 0 0 and 0.9S-cm ID and extended the full height of the core. 

''TTie boric acid concentration was 3.81 g/liter lor samples in Assembly 3, and 3.6S g/liter for Assembly 4a. 

CThe 2200-mysec cross section for natural boron was taken to be og • 7SS barns, or 42.03 cm^/g. 
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Removal 
Sequence 

No. 1 

First 

Third 

Second 

Fourth 

Last 

Total for live 

Cross section for one 
(jrDL/41. cm2 

TABLE X l l 

Position 
(radius), 

cm 

0.0 

1.59 

3.18 

4.58 (edge) 

5.33 (corner) 

(distri&utedl 

-

Reactivity of Cadmium Tubes in 

Reactivity for 
ai90-C(n-OD 
Cd Tube, If 

-O073 

-OlOO 

-O098 

-0.097 

-O079 

-0447 

6.823 

Reactivity for 
0292-cm-OD 
Cd lube. %' 

-0081 

-0138 

-0133 

-0133 

-am 
-0596 

10485 

ITC of Assembly 4a 

Reactivity (or 
1.08-cm-OD 
Cd lube, %'' 

-O064 

-0284 

-0257 

-0347 

-O306 

-1.256 

38.781 

Removal 
Sequence 

No. 2 

Last 

Third 

Fourth 

Second 

First 

-
-

Reactivity for 
1,08-cm-OD 

Cd Tube, » ' 

-0.341 

-0.159 

-0271 

-0375 

-0116 

-1,262 

38.781 

3The smaller cadmium tubes were placed inside H20-(illed Lucite sample tubes described in footnotes o( Table XI. Alt cadmium tube 
walls were 0051 cm thick, 

''The 1,08-cm-OD tubes were stoppered. Although the cross section is stated for an 18-in, length ot cadmium, the actual length was 
24 in., leaving about 3 in, extending above and below the 18-in.-high core. 

The radial distribution of boric acid worth is shown in Fig. 10 for 
the ITCs of Assemblies 3 and 4a. The worth decreases monotonically with 

increasing radius in Assembly 3, but is 
quite irregular in Assembly 4a. Except 
at the corner, the worth is greater for 
Assembly 3 than for Assembly 4a. 

As indicated by Table XII, the 
worth of an absorber varied with the p r e s 
ence or absence of neighboring absorbers , 
by as much as a factor of five. This de
pendence is shown by the two removal 
sequences which il lustrate the difference 
in worth of the 1.08-cm-OD tube when r e 
moved first or last from the axial position. 

D- Experiments with Aluminum, Beryllium, 
and Teflon in the ITC 

RADIUS, cm 

113-1227 
Fig. 10. Radial Disuibution of Boric Acid 

Worth in ITCs of Assemblies 3 
and 4a Aluminum was of i n t e r e s t as a s t r u c -

,, . '^'"^1 m a t e r i a l in the AARR ITC, and a l s o for 
use in alloying t a r g e t m a t e r i a l which might o t h e r w i s e be u n s u i t a b l e for i r r a 
diation exposure . Alloying with a luminum would p r o v i d e conven ien t s a m p l e s 
for i r r ad i a t ion of m a t e r i a l having high a b s o r p t i o n c r o s s s ec t i on , or o the r 
p r o p e r t i e s requi r ing dilution. F ina l ly , a l u m i n u m or b e r y l l i u m migh t be 
used to fill unoccupied ITC pos i t ions , or in s a m p l e changing dur ing r e a c t o r 

would "d r ' ' ' " ' " '^ ° ' ' " ' ^ ^ ^ ^ ' ^^ ^ ''''^^ °^ - - ' T C 1 - " w h i c ^ would reduce the wa t e r volume of the ITC and would t h e r e b y l imi t the m a g -

W i n V o r - " " t " ' ' ' ' ' ^ " " ' ° " accompany ing p o s s i b l e l o s s of ITC coofant , 
be ow T e f r ' ^"^/f^"'",:"*' ^ ^ ^ 1 ^ — ^ is d i s c u s s e d fu r the r in Sec t ion E 
w o r t l ' ThI . " '^^^^"^""^ - " ^ f ° - d to be of n e a r l y equa l r e a c t i v i t y 
t he re w ? °"SJ,"^ P ^ P - ^ f - - ^ e of Teflon was to s i m u l a t e vo ids , and 
the re was some duplication in the b e r y l l i u m and Teflon e x p e r i m e n t s Teflon 
m e a s u r e m e n t s a r e a l so r e p o r t e d in Sect ion X D 



Samples were positioned as indicated by Fig. 8. Data taken in 
Assemblies 3 and 4b are given in Tables XIII and XIV, respectively. 
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TABLE x m . Reactivity of Aluminum and Teflon in ITC of Assembly 3 

Position 
(radius), 

c m 

0 

1.59 
3.18 
4.58 (side) 
5.33 (corner) 
Avg of five 

Reactivity (%) 
of I .27-cm-diam 

Teflon Rod 

0.059 
0.059 
0.061 
0.061 
0.039 
0.056 

Reactivity 
Coefficient 
of Teflon, 

7o/% of ITC Volume 

Reactivity (%) 
of 1.27-cm-diam 

Aluminum Rod 

Reactivity 
Coefficient 

of Alunninum, 
%/% of ITC Volume 

0.046 
0.046 
0.048 
0.048 
0.031 
0.044 

0.040 
0.038 
0.040 
0.050 
0.022 
0.038 

0.031 
0.030 
0.031 
0.039 
0.017 
0.030 

TABLE XIV. Reactivity Coefficients of Beryllium and 
Teflon in ITC of Assembly 4b 

Plan 

H2O 

152.3 
145,9 
126.5 
141.9 
139.3 
119.9 

Areas (cm ) F; 

Beryllium 

6.4a 
25.8^ 

-
6.4 

25.8 

illed by 

Teflon 

. 
_ 
-

10.4 
6.6 
6.6 

Reactivi' 
Change, 

Reference 
0.26^ 
0.94'' 
0.36^: 
0.24'' 
0.24'^ 

ty 
% 

r u n 

%/% of ITC Volume 

-0.062^ 
-0.056' ' 

0.053 ± 0.005"^ 
0.055 ± 0.005"* 
0.055 ± 0,005"' 

^Reactivity of 2 .54-cm-square axial column of beryll ium, measured by dif
ference in control-blade configuration from reference r\in. 

' 'Reactivity of 5.08-cm-8quare axial column of beryll ium, measured by dif
ference in control-blade configuration from reference run. 

•^Reactivity of five 1.27-cm-diam Teflon rods and two pieces 0.64 x 2.54 and 
0.64 x 3.81 cm. all extending the full height of the core , measured by remote 
removal with compensation by a calibrated control blade during reac tor 
operation. 

"'Reactivity of the two outermost 1 ,27-cn^-diam Teflon rods and two rectangu
lar pieces as shown in Figs . 6 and 10. 

The sample worths did not follow a simple correlation pattern, and 
the planning of ITC loadings does not appear to be simple. Comparison of 
the worths of aluminum and Teflon produced fair agreement, indicating that 
absorption cross section is the pr imary factor determining reactivity worth, 
provided that ITC water volume is not changed. If the absorption cross sec
tion of the 1.27-cm-diam aluminum rod is taken to be 0.8 cm^, it should be 
0.019% less reactive than the Teflon rod. The measured difference was 
0.015'7o, which is in fair agreement. 

The worths of Teflon and beryllium may be compared using the data 
of Table XIV. No significant reactivity difference is evident between the 
two mater ia l s . 
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The wor ths of equal vo lumes of Teflon m the ITCs of A s s e m b l i e s 3 
and 4b can be c o m p a r e d using the data of T a b l e s ^^^ ^^f ^ ' U J ^ ^ Z Z 
pe r p e r c e n t of ITC volume occupied by Teflon is s l igh t ly l e s s for A s s e m 
bly 3 than for A s s e m b l y 4b. The r eac t i v i t y effect of a g iven s m a l l void 
volume is a lmos t the s a m e m the ITC of A s s e m b l y 4b as m A s s e m b l y 2a 
or 3. however , the f ract ion of the ITC volume is l e s s Sec t ion E be low 
shows that the pos i t ive coefficient extends to h ighe r void f r a c t i o n s m A s 
sembly 4b than in A s s e m b l y 3. and that the r e l a t i o n s h i p d e s c r i b e d m th i s 
p a r a g r a p h does not apply to l a r g e void f r ac t ions of the d i m e n s i o n s shown 
in F igs , 11-13 However , the Teflon wor ths a g r e e wel l wi th the s m a l l vo id 
wor ths indica ted by F igs 14 and 15 (i.e , for z e r o void). 

The s ide wal ls of the l a rge ITC w e r e changed f r o m s t a i n l e s s s t e e l 
to a luminum dur ing the e x p e r i m e n t s with A s s e m b l y 4b. The 0 . 1 6 - c m - t h i c k 
wal l pane l s a r e indica ted in F ig , 6. The change was thought to r e d u c e t he 
2 2 0 0 - m / s e c Z^ for 347 cm^ of m e t a l by -0 1, giving a to ta l r e d u c t i o n of 
-35 cm^ in c r o s s sect ion. Judging by the w a t e r - l e v e l c r i t i c a l da ta l i s t e d m 
Table XV, the accompanying i n c r e a s e in r e a c t i v i t y was 0,68 ± 0 03% The 
r eac t iv i ty coefficient for absorp t ion c r o s s sec t ion of rough ly 0 . 0 2 % / c m i s 
in good a g r e e m e n t with wor ths of a b s o r b e r s m the o the r ITC m e a s u r e m e n t s 

TABLE XV. Effect of A luminum Wall and 
B e r y l l i u m in ITC of A s s e m b l y 4b 

Condition of the ITC 

Water L e v e l " 
at C r i t i c a l i t y , 

c m 
R e l a t i v e R e a c t i v i t y 

Change , % 

100% w a t e r ^ 120 72 
2 . 5 - c m - s q column of b e r y l l i u m ^ 120.36 
5 1-cm- sq colunrm of b e r y l l i u m ^ 118 70 
100% water'^ 119 31 
1 .3 -cm- th ick b e r y l l i u m liner"^ 115 22 
1 .9-cm-th ick b e r y l l i u m ImerC 113 75 
2 . 5 - c m - t h i c k b e r y l l i u m liner"^ 112 64 

0 0 
0 26 
0 94 

^Sta inless s t ee l -wa l l ed ITC and axial b e r y l l i u m c o l u m n s 
°The top of the act ive fuel zone nomina l ly is at 132 4 cm, and a l l con

t ro l b lades w e r e wi thdrawn, for w a t e r - l e v e l c o n t r o l 
'^Aluminum-walled ITC with up to 2 5 - c m - t h i c k b e r y l l i u m l i n e r i n s i d e 

a luminum wall 

Ins ta l la t ion of b e r y l l i u m ITC l i n e r s m the a l u m i n u m - w a l l e d ITC as 
indicated by Fig 11 gave a s l ight ly h ighe r r e a c t i v i t y coef f ic ien t for the out
e r m o s t (1 .27-cm- th ick ) i n c r e m e n t thaii shown for a x i a l s a m p l e s m T a b l e XIV. 
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-BERYLLIUM LINER (1.27 cm THICK) 

•BERYLLIUM LINER 10.635 TMICKl 

113-1213 

A s s u m i n g a p lan a r e a of 47 cm^ 
and a r e a c t i v i t y i n c r e a s e of 2% 
y i e l d s a coeff ic ient of roughly 
0.065% p e r p e r c e n t of ITC vo lume 
fi l led by b e r y l l i u m . As wi th the 
a x i a l s a m p l e s , the coeff ic ient a p 
p e a r s to d i m i n i s h as the b e r y l l i u m 
t h i c k n e s s i n c r e a s e s . 

As a rough a p p r o x i m a t i o n , 
the ou te r she l l of b e r y l l i u m r e c o v 
e r e d - 8 0 % of the r e a c t i v i t y los t in 
changing f r o m the s m a l l ITC to the 
l a r g e ITC and o c c u p i e s a vo lume 
n e a r l y equa l to the r e d u c t i o n in 
fuel r eg ion b e c a u s e of the ITC 
c h a n g e . 

The b e r y l l i u m and Teflon 
w o r t h s in the ITC of A s s e m b l y 4b 
a r e rough ly twice a s g r e a t a s c a l 
cu la t ed f r o m the a b s o r p t i o n c r o s s 
s e c t i o n of the w a t e r d i s p l a c e d , and 

is f a i r l y s i m i l a r to r e s u l t s ob ta ined in A s s e m b l i e s 3 and 4a, as 

Fig. 11. Large Aluminum ITC (7.2-cm equivalent 
radius) with Beryllium Liners 

th i s 
we l l a s t h o s e r e p o r t e d for A H F R . ' 

E . Void E x p e r i m e n t s in the ITC 

Void w o r t h was m e a s u r e d to d e t e r m i n e the gain in r e a c t i v i t y ob ta in 
able by m a s s i v e l o s s or d i s p l a c e m e n t of w a t e r f r o m the ITC. I n c r e m e n t a l 
da ta w e r e n e e d e d for the ITC des ign and to a s s i s t in w r i t i n g o p e r a t i n g p r o 
c e d u r e s for s a m p l e loading and un load ing . O n e - d i m e n s i o n a l c a l c u l a t i o n s 
w e r e r e p o r t e d to u n d e r e s t i m a t e ITC void w o r t h s , but t w o - d i m e n s i o n a l c a l 
cu la t ions a r e c o n s i d e r e d to be in r e a s o n a b l y good a g r e e m e n t with t he 
m e a s u r e d v a l u e s for the s m a l l I T C . C a l c u l a t i o n s for the l a r g e ITC w e r e 
not a v a i l a b l e when th i s r e p o r t w a s w r i t t e n . 

D a n g e r o u s i n c r e a s e s in r e a c t i v i t y migh t occu r in a p o o r l y d e s i g n e d 
or i m p r o p e r l y m a n a g e d ITC, by a c c i d e n t a l l o s s of ITC w a t e r b e c a u s e of a i r 
e n t r a i n m e n t in the c i r c u l a t i n g s y s t e m ; or d r a i n a g e ; or by expu ls ion of ITC 
coo lan t by s t e a m void f o r m a t i o n a c c o m p a n y i n g an a c c i d e n t a l power e x c u r 
s ion ; or l o s s of coo lan t flow. Tef lon rod w o r t h s given in p r e c e d i n g p a g e s 
of t h i s r e p o r t w e r e t a k e n a s the w o r t h s of s m a l l - v o i d f r a c t i o n s . R e f e r 
ence 1 r e p o r t e d fu l l - l eng th Teflon s a m p l e s to be h a r d l y d i s t i n g u i s h a b l e 
f r o m a i r vo ids in the AHFR I T C , but r e p o r t e d a c o m p l i c a t e d r e a c t i v i t y 
c u r v e for a plug of Tef lon that was t r a v e r s e d ax i a l l y in a void t u b e . No 
d i s c r e p a n c y was found in AARR e x p e r i m e n t s wi th Teflon and wi th v o i d s . 
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Locat ions of l a rge voids a r e ind ica ted by F i g . IZ for the s m a l l ITC 
and F ig . 13 for the l a rge ITC. S ta r t ing with m a x i m u m voided c o n d i t i o n s , 
the voids w e r e r emoved by removing s t o p p e r s f rom e m p t y Luc i te t u b e s or 
by wi thdrawing Teflon rods to admi t m o r e wa t e r into the I T C . Th i s was 

-Lucit* TutMi: 0.9<l In. O.O., 0.06 

- S S l l M f 1/16 In. thick) 

112-8260 Rev. 2 

Fig. 12. Void Location in Small ITC 

3TEFL0N HODS 
REMOVED BY BLADE 
NO 11 DRIVE UNIT 

3 TEFLON RODS 
REMOVED BY 
BLADE NO 9 
DRIVE UNIT 

22 TEFLON RODS 

TOTAL A R E A : 4,315 

0 2 0 in.2 EACH OR 0 8 5 % 
OF ITC 

NON- , 

REMOVABLE ( 

112-9101 

- ^ 1 9 LUCITE TUBES 

0 875 in I D 
TOTAL A R E A ; II 41 in 
0 6 0 in 2 EACH OR 
2 5 4 % OF ITC 

5 LUCITE TUBES 

0-375 in I 0 

TOTAL A R E A ; 0 552 i 

0 M i n ^ EACH OR 

0 4 7 % OF ITC 

5 TEFLON RODS 
REMOVED BY 
BLADE NO 7 
DRIVE UNIT 

Fig. 13. Void Location in Large ITC 
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done mostly by remote control during reactor operation. Data for Assem
blies 3 and 4b are given in Tables XVI and XVII, respectively. Figure 14 
shows the effects of changing sequences of void removal for Assembly 3; 
but Fig. 15 shows only the most reactive sequences for Assemblies 4a and 
4b. The curves of Fig. 15 correspond with the sequences given in 
Table XVII. The lower curve of Fig. 15 corresponds to the sequence that 
gave curve A of Fig. 14 and was part of an experiment at 24°C. A repeat 
at 53°C gave no significant change, after correction for changes in blade 
calibrations. 

TABLE XVI. Reactivity Effects of Flooding Void Tubes in Small ITC of Assembly 3 

Reference 
Curve 

in Fig. 14 

A 

B 

C 

D 

E 

Sequence of 
Floodings 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 
7 

1 
2 
3 

Tube No.^ 

8" 
17 
19 
12 

3 
1 , 

•(corner) 

10 (center) 
16 (edge) 
Remaining 11 

10 (center) 
1 5 ' 
1 1 
6 
5 
9 

MJ 

'(inside ring) 

8 (corner) 
16 (edge) 
13.17 
18 
19 
4 

8 (corner) 
16 (edge) 
13, 17, 18. 19 
12, 7, 3, 2, 1, 4 
10 (center) 
Remaining 6 

8 (corner) 
10.6 
16 (edge) 
12 

7 
5. 9. 14. 15, 11 

Remaining 8 

5. 9. 14 
6, 11, 15 

17. 13. 8, 4. 1. 2 

Differential 
Change in 

Reactivity, % 

0.064 
0.049 
0.043 
0.044 
0.038 
0.034 

-0.008 
-0,030 
-1.431 

-0.062 
0.038 
0 

-0.004 
-0,060 
-0.040 
-0.086 
+0.008 
-0.056 » 
-0.149 
-0.103 
-0 136 
-0,140 

0.067 
0.055 
0.046 

-0.247 
-0.160 
-0.962 

0.070 
0.080 
0.022 
0.002 

-0.021 
-0.410 
-0.891 

0.126 
-0.065 
-0.387 

Total Net 
Change in 

Reactivity, % 

0.064 
0.113 
0.146 
0.190 
0.228 
0.262 
0.254 
0,224 

-1,207 

0.062 
0.100 
0.100 
0.096 
0.036 

-0.004 
-0.090 
-0.082 
-0,138 
-0.287 
-0.390 
-0.526 
-0.666 

0,067 
0.122 
0.168 

-0.079 
-0.239 
-1.201 

0.070 
0.150 
0.172 
0.174 
0.153 

-0.257 
-1.148 

0.126 
0.061 

-0.326 

Average Differential 
Change in Reactivity 

pe r Tube, % 

0.064 
0.049 
0,043 
0.044 
0,038 
0.034 

-0.008 
-0.030 
-0.130 

0.062 
0.038 
0 

-0.004 
-0.060 
-0.040 
-0,086 
0.008 

-0.056 
-0.075 
-0.103 
-0.136 
-0.140 

0.067 
0.055 
0,012 

-0,041 
-0.160 
-0.160 

0.070 
0.040 
0.022 
0.002 

-0.021 
-0.082 
-0.011 

0.042 
-0.022 
-0,065 

*Tube numbers refer to tube locations shown in Fig. 12. 
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TABLE XVII 

Vol(J Flooded 
(Tube No,, etc) 
by Each Slepa.l) 

NoneB 
8 

17 
19 
12 
3 
1 

10 
U 
15 
7 

11 
6 
2 
5 
4 

{Remaining rour) 

11 TeHon and 5 Lucile on Periphery'' 
Tedon on Blade Drive No. I l ' ' 
Teflon on Blade Drive No. 7^ 
Tedon on Blade Drive No. 9'' 
Center Lucite S^ 
Center lucile P.O.Rt" 
Center Lucite IVl,N,o'' 
Center lucite K,L'' 
Center Lucite G.H,l.j'> 
Center Lucite D.E.f* 
Center Lucite A,e,C'' 

Center Lucite S^ ] 
Center Lucite P,Q,R'' [ Rechecli 
Center Lucile M.N.O^ J 

^Void location in Assembly 4a (see Fig, 
"Void location in Assembly 4ti (see Fiq. 

Reactivity Effects of Flood 

* ol UC Volume 
Flooded by 
Each Step 

None 
3,88 
3.88 
3.W 
3.88 
3.88 
3.88 
3.88 
3.88 
3.88 
3,88 
3.88 
3.88 
3.88 
3.88 
3.S8 

15,54 

11.7 
2.6 
4.3 
2.6 
2.5 
76 
7.6 
51 

10.2 
7,6 
7.6 

2.5 
7.6 
7.6 

12). 
13). 

ng Void lube in large ITCs ol Assemblies 4a and 4b 

Reactivity Change 

Assembly 4a 

Assembly 4b 

by Step, % 

None 
0.047 
0.029 
0.018 
0.024 

0.012 
-0,007 
-0029 
-0.049 
-0.058 
-0.102 
-0.104 
-0.133 
-0.108 
-0.139 
-0.117 
-0.548 

0.521 
0.120 
0.179 
O.10B 

0.118 
0.514 
0 432 
0.245 
0451 
0.195 
O120 

0115 
0.343 
0.373 

Reactivity Attributed 
lo Remaining 
Void Volume, 

% 
1.264' 
l . J l l 
1.340 

1.358 
1.382 
1.394 
1.387 
1358 
1.309 
1251 
1.149 
1.M5 
0.912 

0.804 

0.665 
0.548 
0.000 

' 
fs

c:
>

<
=

>
 
a

 

1,046 
1,560 
1,992 
12SI 
2.688 
^883 
3.009 

0115 
0,438 
0831 

Remaining 

* of Void 
Volume 

in irc 

73,8» 
69.9 
66.0 

62.2 
SB.3 
94.3 
S0.9 
• . 6 
42.7 
98.8 
35.0 
31.1 
27.2 
29.3 
19.4 
15.5 
Ztn 

11.7 
149 
18.6 
21.2 
Zl.l 
31,3 
38 9 
440 
542 
618 
69 4 

2S 
10] 
17,7 

«> 50 60 
Percenttg. Void in the ITC 

Fig. 14 

Reactivity Change upon Flooding 
Voided Tubes in the Small ITC 
of Assembly 3, for Sequences 
Shown in Table XVI 

112-8260 Rev. 1 
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30 40 50 60 
PERCENTAGE OF ITC VOIDED 

112-8218 

Fig. 15. Reactivity Effect of Large Partial 
Voidings of Small and Large ITC 
of Assemblies 4a and 4b 

The m a x i m u m r e a c t i v i t y 
c h a n g e s obta ined by ITC voiding in 
A s s e m b l i e s 3, 4a , and 4b w e r e 1.47, 
1.35, £ind 3.0%, r e s p e c t i v e l y . An even 
greater r e a c t i v i t y m i g h t have been 
a c h i e v e d in A s s e m b l y 4b by r e d e s i g n 
ing the e x p e r i m e n t a l equ ipmen t to 
a c h i e v e g r e a t e r void f r ac t i on . ITC 
des ign should not p e r m i t a c c i d e n t a l 
voiding of the n a t u r e tha t r e s u l t s in 
such l a r g e r e a c t i v i t y c h a n g e s . 

Void w o r t h is f u r t h e r d i s 
c u s s e d in Sec t ion X .C . 

As a g e n e r a l i z a t i o n , the d i s 
p l a c e m e n t of ITC w a t e r a lways r e 
duced the t h e r m a l - n e u t r o n flux leve l 
in the ITC, and the hydrogen dens i ty 
a p p e a r e d to be the gove rn ing f ac to r . 
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V. RELATIVE ACTIVATION AND POWER-DISTRIBUTION 
MEASUREMENTS 

A. Purpose 

Foil-activation t raverses and power-distribution measurements 
were made in the AARR critical experiment to obtain flux shapes with dif
ferent loadings and with different sizes of ITC; to ass is t in making est imates 
of reactor power levels; to locate and measure power peaks and flux per
turbations; to determine the results of grading the fuel loading, for power 
flattening; and to find irradiation levels in the reflector and s tructural 
components. 

B. Experimental Method 

Some of the activation t raverses were made with disk-shaped foils, 
and some with wires of uranium-aluminum alloy. Table XVIII lists the foil 
and wire sizes and compositions. The disk-shaped foils were encased in 
0.051-cm-thick cadmium or alunninum covers. In the ITC, these covers were 
supported by a Plexiglas strip. For the fuel zone, 1.27-cm-wide x 0.1-cm-thick 
aluminum spears were used to insert the covers in the 0.1-cm-thick coolant 
channels. For Assemblies 1 and 2a, Plexiglas foil holders supported the foil 
covers between the 10.l6-cm-thick beryllium layers in the reflector. As
semblies following Assembly 2a contained 100% beryllium reflectors, and foil 
holders of Teflon were used instead of Plexiglas to avoid introduction of hy
drogen into the reflector region. In the reflector of Assemblies 1 and 2a, a 
negligibly small flux perturbation was thought to result from displacement 
of water by the Plexiglas foil holder (dimensions l„27x 1.59 x 11.43 cm) 
which was inserted in a horizontal opening in the plastic of the reflector The 
hydrogen density was 84% of that of the water displaced, A reactivity mea
surement for the foil holder gave a worth of 0,008% in reactivity in the ITC. 

TABLE XVIII. Description of Activation Foils and Wire 

^^^^'^^^' Composition Diameter, cm Thickness, cm 

Foils 

Mn-Cu 88% Manganese 
10% Copper 0 818 0 0064 

U-Al 17,5 w/o Uranium 
(92.75 w/o enriched) 0.818 0,005 

Indium Pure metal o 818 0.005 
(or 1 X 1 cm sq) 

Wire 
U-Al 16.5 w/o (enriched U) 0.05 



C o m p a r i s o n wi th the flux d i s t r i b u t i o n s found in b e r y l l i u m o r in vo ided 
I T C r e g i o n s c o n f i r m e d tha t the p e r t u r b a t i o n w a s s m a l l c o m p a r e d to o t h e r 
e f fec t s , s u c h a s tha t a t t r i b u t e d fo foil m a t e r i a l s . (See C h a p t e r IV). 
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Fig. 16. Retaining Method for 0.05-
Uranium-Aluminum Wires 
Critical Assemblies 

d i s t r i b u t i o n s , l onge r when 
w e r e p o s i t i o n e d in s ide the 

The u r a n i u m - a l u m i n u m w i r e s 
w e r e u s e d for m e a s u r e m e n t s r e 
q u i r i n g a fine s p a t i a l r e s o l u t i o n . 
F o r i r r a d i a t i o n , they w e r e r e t a i n e d 
a s shown in F ig . 16. S m a l l c h a n n e l s 
m a d e f r o m 0 . 0 1 3 - c m - t h i c k s t a i n l e s s 
s t e e l w e r e a t t a c h e d to the f u e l - p l a t e -
r e t a i n i n g c l ip s a t the d e s i r e d l o c a 
t i o n s , ex tend ing f rom the b o t t o m of 
the fuel e l e m e n t a l m o s t to the top . 
The c h a n n e l s w e r e c l o s e d a t the 
b o t t o m . S t a i n l e s s s t e e l h y p o d e r m i c -
need le tubes of 0 . 0 7 5 - c m OD w e r e 
cut to such l eng ths that they p r o t r u d e d 
s o m e w h a t when i n s e r t e d in the c h a n 
n e l s . Su i tab le l eng ths of the u r a n i u m -
a l u m i n u m w i r e s (4 c m for h o r i z o n t a l 

the w i r e w a s to be cut up for a v e r t i c a l t r a v e r s e ) 
tubes b e f o r e they w e r e i n s e r t e d into the c h a n n e l s . 

cm-diam 
in AARR 

F o r count ing , the w i r e s e g m e n t s w e r e wound into flat co i l s and 
p l aced on the r e g u l a r foil p l a n c h e t s for the a u t o m a t i c count ing e q u i p m e n t . 
The long w i r e s u s e d for v e r t i c a l d i s t r i b u t i o n s w e r e cut , a f te r i r r a d i a t i o n , 
into s e g m e n t s e i t h e r 2.54 or 1.27 c m long, depending upon the s p a t i a l 
r e s o l u t i o n d e s i r e d . 

The t echn ique of co i l ing the w i r e s e g m e n t s for count ing w a s t e s t e d 
by i r r a d i a t i n g 16 w i r e s , e a c h 3.8 c m long, on a ro t a t i ng whee l in a void in 
the g r a p h i t e t h e r m a l c o l u m n of the ATSR. The count ing r a t e s for the 
d i f fe ren t w i r e s , which w e r e co i l ed in a v a r i e t y of w a y s , showed no s ign i f i 
cant v a r i a t i o n s . T w o - i n . - d i a m Nal (T l ) c r y s t a l s w e r e used for g a m m a -
count ing the w i r e a c t i v i t i e s . F o r the f i s s i o n - p r o d u c t i n v e s t i g a t i o n s , 
e n e r g i e s be low a p p r o x i m a t e l y 411 keV w e r e b i a s e d out. 

All count ing da ta w e r e p r o c e s s e d by the c o m p u t e r codes R P - 2 0 2 
or N U R F , ' fol lowed by f u r t h e r p r o c e s s i n g us ing the COMBO code . The 
l a t t e r code p e r f o r m s the n o r m a l i z i n g and combin ing o p e r a t i o n s r e q u i r e d 
when m u l t i p l e d e t e c t o r s a r e used in count ing , and when the r e s u l t s of two 
o r m o r e g r o u p s a r e to be c o m p a r e d us ing m o n i t o r fo i l s . S t a t i s t i c a l e r r o r s 
in the a c t i v a t i o n m e a s u r e m e n t s w e r e of the o r d e r of ±0.5% o r l e s s , e x c e p t 
for s o m e of the c a d m i u m - c o v e r e d m a n g a n e s e da t a p o i n t s . In t h e s e c a s e s , 
the s t a t i s t i c a l e r r o r s in the lower a c t i v a t i o n s a p p r o a c h e d ±3%. 
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C. Hor izon ta l Act iva t ion Di s t r ibu t ions 

1. Effect of I n c r e a s e d Fue l Loading D e n s i t i e s 

F i g u r e s 17-20 show the r a d i a l ac t iva t ion d i s t r i b u t i o n s for 
m a n g a n e s e foils in A s s e m b l i e s 1, 2a, 2b, and 3. Rad ia l t r a v e r s e s w e r e 
taken a p p r o x i m a t e l y 3.2 cm below the c o r e m i d p l a n e . F o i l s w e r e l o c a t e d 
be tween the fuel p l a t e s a t the r a d i a l loca t ions shown in F ig . 2 1 . The 
r e a c t o r was con t ro l l ed by adjust ing the w a t e r l eve l wi th a l l c o n t r o l b l a d e s 
fully wi thdrawn. With A s s e m b l y 3, v e r t i c a l t r a v e r s e s a t p o s i t i o n s shown 
in F ig . 21 w e r e made using m a n g a n e s e foi ls . R e a c t o r o p e r a t i o n w a s by 
w a t e r - l e v e l con t ro l a p p r o x i m a t e l y 10 c m below the top of the fuel. T h e s e 
t r a v e r s e s indica ted that the peak ac t iv i ty o c c u r r e d at the s a m e l eve l , 
app rox ima te ly 3 c m below the co re midp lane , for a l l four t r a v e r s e p o s i t i o n s . 

As the loading dens i ty i n c r e a s e d , the p r i n c i p a l c h a n g e s found 
w e r e t he se : 

a. T h e r m a l - n e u t r o n ac t iva t ions of foils w e r e no t i ceab ly l e s s e n e d 
in the fuel reg ion r e l a t i ve to those in the ITC and in the r a d i a l r e f l e c t o r . 

b . Cadmium r a t i o s d e c r e a s e d in the fuel r eg ion . C a d m i u m 
ra t io s at or nea r the cen t e r of the ITC and in the r a d i a l r e f l e c t o r r e m a i n e d 
a l m o s t unchanged. 

c. A dip b e c a m e m o r e evident in the d i s t r i b u t i o n of the 
manganese ac t iv i ty in the fuel r eg ion n e a r the ou te r edge . 

I ' I ' I ' I ' I ' I ' -I 
b^-»-7%^—APPROXIMATE FUEL BOUNDARIES 

BARE FOILS 

DISTANCE FROM CENTER.om 

112-5718 

Fig. 17. Manganese Radial Activation 
Traverses in Assembly 1 

DISTANCE FROM REACTOR CENTER, cm 

112-5719 

Fig. 18. Manganese Radial Activation 
Traverse in Assembly 2a 
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I ' I ' I ' I ' I ' I ' 

\ l - * -?«r—APPROXIMATE FUEL BOUNDARIES 

BARE FOILS 

I • I . I I I 
0 10 20 30 40 SO 60 70 

DISTANCE FROM REACTOR CENTER, cm 

112-5720 

Fig. 19. Manganese Radial Activation 
Traverses in Assembly 2b 
(100% Beryllium Reflector) 

DISTANCE FROM CENTER OF I TC, r-

112-5747 

Fig. 20. Manganese Radial Activation Traverses i 
4ssembly 3 (100% Beryllium Reflector) 

CONTIOL iLtDES 

aOUROAIT OF 
• EITLLIIM 
• EFLECTOI 

N O T E S 

DDIAGRAM NOT TO S C A L E 

2 ) R A 0 I A L FOILS AT 3 , 2 c m BELOW CORE M I D P L A N E . „ \ 

S I B A R E V E R T I C A L T R A V E R S E S 

4 ) C 0 N D I T I 0 N S FOfI I R R A D I A T I O N S Q . O . O . A 

R A D I A L S ' W A T E R L E V E L A O J U S T M E N T . A L L CONTROL 

B L A D E S F U L L Y R E M O V E D , 

V E R T I C A L S ' C O N T R O L BLADE A D J U S T M E N T , F U L L 

TOP WATER R E F L E C T O R , 

Fig. 21 

Typical Foil Placement for Radial 
and Vertical Activation Traverses 

112-5724 Rev. 1 
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During the experiments with Assembly 2, the original radial 
reflector of 90 v/o beryllium and 10 v/o Plexiglas by volume was modified 
to give an all-beryllium reflector. The change eliminated the heterogeneity 
and simplified reactivity and flux calculations, which were compared with 
experimental results . In the change, the t raverse positions were shifted 
about 1 in. laterally. New foil holders were made of Teflon to eliminate 
the hydrogen introduced by the original Plexiglas holders. Comparison of 
t raverses from Assembly 2b with those from Assembly 2a shows increased 
activity in the outer portion of the core. In the 100% beryllium reflector, 
the peak relative activity was lowered by approximately 10%, the region of 
peak activity was broadened, and the activity dropped off much less rapidly 
with increasing radius. Flux at the outer perimeter of the beryllium was 
roughly doubled, and the overall average was increased. 

Uranium-aluminum radial activation ( U fission) t r averses 
were taken in Assemblies 2b, 3, 4a, 4b, and 5. The reactor was controlled 
by adjusting the water level with all control blades fully withdrawn. 
Figures 22-26 show these t raverses . Table XIX summarizes the ITC-to-
fuel midplane activation ratios (bare foils) for the various assemblies . 

\ y FOEL ^ V 
BOUNDARIES i 

I 

T T 

113-1282 Rev. 1 
DISTANCE FROM CENTER OF ITC, CI. 

Fig. 22. Uranium-Aluminum Fission Traverses in 
(No Plexiglas in the Beryllium) 
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Fig. 23 

Radial Fission Traverses in 
Assembly 3 (Criticality Attained 
by Adjusting Level of Water in 
the Core) 

113-1281 

Fig. 24 

Radial Fission Tra
verses in Assembly 4a 

112-7525 
J 1 L 

OISTUCE FMM CEITa OF ITC, ta 
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I ' I 

• TRAVERSE THROUGH H 0 -F ILLED ITC 
7 

—TRAVERSE THROUGH l - in . -SQUARE BERYLLIUM COLUMN IH CEHTER OF ITC 
X TRAVERSE THROUGH 2- in.-SQUARE BERYLLIUM COLUMN IN CEHTER OF ITC 

J ^ L J > L 

DISTANCE FROM CENTER OF ITC, cm 

112-7558 Rev. 1 

Fig. 25. Radial Fission Traverses in Assembly 4b 

I ' I ' I ' I ' I ' I ' I I 
APPROX, FUEL BOUNDARIES" 

Fig. 26 

Radial Fission Traverses in a Graded Loading 
with the Large ITC (Aluminum ITC Shroud) 
in Assembly 5 

0 10 20 30 40 90 60 70 
DISTANCE FfiOM CENTER OF I TC. cm 112-8220 ReV. 1 
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T A B L E XIX. Midp lane A c t i v a t i o n R a t i o s 

Ra t io of C e n t r a l ( ITC) 
Ac t iva t i on to Ac t iva t ion 

Fo i l at 1 5 - c m R a d i u s , 
A s s e m b l y No. M a t e r i a l on Midplane 

1 Mn 18 
2a Mn 28 
2b Mn 27 
3 Mn 34 
2b U-Al 39 
3 U - A l 55 
4 a U-Al 78 
4b U-Al 72 
5 U-Al 71 

F i g u r e 26 shows tha t the b a r e t r a v e r s e in the d i r e c t i o n of the 
fuel g r a d i n g ( b l a c k e d - i n , c i r c u l a r da ta po in t s ) h a s a m o r e g r a d u a l s lope 
n e a r the ITC than the t r a v e r s e into an u n g r a d e d c o r n e r fuel a s s e m b l y . 
Luc i te foil h o l d e r s w e r e u s e d at 7.6 and 8.2 c m to nnainta in the m e t a l - t o -
w a t e r r a t i o a m o n g the g r a d e d fuel fo i l s , even though p r e v i o u s m e a s u r e m e n t s 
had i n d i c a t e d tha t u r a n i u m - a l u m i n u m foils in Luc i te and a l u m i n u m foil 
h o l d e r s y ie ld the s a m e f i s s ion r a t e s . 

The b a r e t r a v e r s e s give the r e l a t i v e f i s s ion ac t iv i ty p e r a t o m 
of "^U, and the r e d u c e d n e u t r o n b l a c k n e s s of the g r a d e d fuel zone a p p e a r s 
to r e s u l t in a l e s s s t e e p g r a d i e n t of the rnna l and n e a r - t h e r m a l n e u t r o n flux. 
C o m p a r i s o n of t h e s e t r a v e r s e s wi th s i m i l a r ones m a d e in the u n g r a d e d 
Assennbly 4b i n d i c a t e tha t the p e a k f luxes in the ITC and in the bery l l iunn 
p e r uni t r e a c t o r p o w e r a r e l i t t l e a f fec ted by the fuel g r a d i n g . T h e o r e t i c a l 
a n a l y s i s had p r e d i c t e d th i s e a r l i e r . ^ 

2. R a d i a l T r a v e r s e s Out to 152 c m 

In A s s e m b l y 3, a c t i v a t i o n t r a v e r s e s w e r e t aken du r ing an i n v e s t i 
ga t ion of ways to e n h a n c e the n e u t r o n flux beyond the r e a c t o r v e s s e l , to he lp 
in d e t e r m i n i n g d e s i g n s of n e u t r o n " w i n d o w s . " Both a l u m i n u m and g r a p h i t e 
"w indows" w e r e u s e d , c o n s i s t i n g of l a r g e b l o c k s of t h e s e m a t e r i a l s p l aced 
ad jacen t to the b e r y l l i u m r e f l e c t o r . F i g u r e 27 shows the t r a v e r s e s . G r a p h i t e 
p r o v e d to be m o r e ef fec t ive than a l u m i n u m in enchanc ing the t h e r m a l - n e u t r o n 
flux at a 1 5 2 - c m (5-ft) r a d i u s ( i . e . , the i nne r r a d i u s of the v e s s e l con ta in ing 
the c r i t i c a l e x p e r i m e n t ) . A l u m i n u m w a s nnore ef fec t ive than g r a p h i t e in l a t e r 
e x p e r i m e n t s w h e r e flux l e v e l s w e r e m e a s u r e d o u t s i d e a s t e e l s l a b . R e s u l t s 
of t h e s e e x p e r i m e n t s a r e d i s c u s s e d in Sec t ion VILA be low. 
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DISTANCE FROM CEHTER OF ITC, 

112-7371 

Fig. 27. Radial Traverses with Indium Foils in Assembly 3 

Indium-foi l ac t iva t ions w e r e too snnall to m e a s u r e beyond 
100-cm r a d i u s , un le s s w a t e r was d i sp l aced by a l u m i n u m , g r a p h i t e , e t c . , 
or the top r e f l ec to r was thin. Lower ing the w a t e r l eve l d r a s t i c a l l y , thus 
removing the top r e f l e c t o r , r a i s e d the ac t iv i ty d i s t r i b u t i o n in the r e g i o n 
beyond 80 cm. This appa ren t ly r e s u l t e d f rom the i n c r e a s e d flux of r o o m -
background neu t rons that a c c o m p a n i e s r e m o v a l of the top r e f l e c t o r . 

In a l a t e r e x p e r i m e n t wi th A s s e m b l y 4a, an 1 1 . 4 - c m (4 .5 - in . ) 
thick s lab of s t ee l was in s t a l l ed a t a r a d i a l d i s t a n c e of 122 c m (4 ft) f r o m 
the v e r t i c a l axis of the ITC, to s i m u l a t e the p r e s e n c e of the wa l l of the 
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d e s i g n p r e s s u r e v e s s e l , aga in us ing an a l u m i n u m window. F i g u r e 28 shows 
the i n d i u m - f o i l t r a v e r s e . It i n d i c a t e s tha t the o p e r a t i n g flux leve l at the 
o u t e r s u r f a c e of the s l a b is abou t 2 x 1 0 t i m e s a s high a s the flux a t the 

c e n t e r of the I T C . O t h e r n n e a s u r e m e n t s have 
i n d i c a t e d tha t if nnore w a t e r i s i n t r o d u c e d 
b e t w e e n the b e r y l l i u m and the p r e s s u r e v e s s e l 
(for e x a m p l e , a s coolan t p a s s a g e s in the 
a l u m i n u m ) , the m e a s u r e d t h e r m a l - n e u t r o n flux 
beyond the v e s s e l d r o p s s ign i f i can t ly . 

u 
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MOTU: 
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•EFLECTOA AND INTO THE WATEN 

TANK *ALL AT I9Z 4 

DISTANCE F R O M C E N T E N OF I T C . e m 

112-7459 Rev. 1 

Fig. 28 

Radial Traverse with Indium Foils 
in Assembly 4a through Simulated 
Pressure Vessel 

3. F l u x - t i l t i n g Inves t i ga t i on 

In A s s e m b l y 3, an e x p e r i m e n t was 
p e r f o r m e d to i n v e s t i g a t e the flux s y m m e t r y in 
the t h r e e 120° s e g m e n t s of the c o r e . M a n g a n e s e 
foils w e r e used , wi th a l l c o n t r o l b l a d e s w i th 
d r a w n , and the r e a c t o r was c o n t r o l l e d by w a t e r -
leve l a d j u s t m e n t . The foils w e r e loca ted as 
shown in F ig . 29, with the r e s u l t s g iven in F ig . 30. 
No l a r g e d i f f e rence in c o r e c o m p o s i t i o n w e r e 
i nd i ca t ed . 

A l so in A s s e m b l y 3, the flux-
d e p r e s s i n g effect of i n s e r t e d c o n t r o l b l ad es 
was e x a m i n e d . T h e r e was a full top r e f l e c t o r , 

and the b lade conf igu ra t ion w a s a s i nd i ca t ed in F ig . 31 , which a l s o shows 
the l oca t i ons of the m a n g a n e s e foils u sed . F i g u r e 32 shows the r e s u l t s 

112-7457 

Fig. 29. Foil Locations for Flux Tilt Investi
gation With Manganese Foils in 
Assembly 3 (Critic.Tlity Achieved 
with Water Level Control) 

DISTANCE FROM CEKTCT OF r r C , Cm 

112-7462 

Fig. 30. Flux Tilt Investigation 
with Manganese Foils in 
Assembly 3 



62 

of this t r a v e r s e . Compar ing th is f igure wi th F ig . 20 shows tha t t h e r e i s only 
a s m a l l (al though not iceable) effect on the flux shape on the s ide of the c o r e 
opposi te the i n s e r t e d con t ro l b l a d e s . The ITC flux shape r e m a i n s n e a r l y 
s y m m e t r i c a l . 

CONTROL BLtOES 

Fig. 31 

Foil Placement for Radial Activa
tions with Manganese Foils in 
Assembly 3 (Criticality Achieved 
with Control Blades) 

FOILS AT 3 .2 o i BELOK CORE HtDPLME 

DIASRM HOT TO SCALE 

CRITICAL CMOITIOKS: FULL TOP M,C REFLECTOR 

COHTROL BLADES HO. 5 AJIO 12 FULLT INSERTED 

COHTROL BLADE MO. E AT 19.75 em 

ALL OTHER BUDES FULLT i lTHDRAM 112-7529 

Fig. 32 

Radial Activation Traverses with Manganese 
Foils in Assembly 3 (Criticality Achieved 
with Control Blades) 
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4. F o i l T r a v e r s e s i n s i d e B e a m Tubes 

M a n g a n e s e foi ls w e r e u s e d to c o m p a r e the a c t i v a t i o n l e v e l s 
a long vo ided and b e r y l l i u m - f i l l e d b e a m t u b e s . The foil l oca t i ons a r e shown 
in F i g s . 33 and 34, and the r e s u l t s in F i g s . 3 5 - 3 7 . T h e s e c u r v e s m a y a l s o 
be c o m p a r e d wi th the r a d i a l t r a v e r s e for A s s e m b l y 3 wi th no b e a m tubes 
in p l a c e , a s g iven in F ig . 20. In g e n e r a l , the r e l a t i v e ac t iv i ty of the b a r e 
m a n g a n e s e foi ls i s s o m e w h a t l e s s in the b e r y l l i u m - f i l l e d b e a m t u b e s , and 
c o n s i d e r a b l y l e s s in the vo ided b e a m tubes , than in the ref lector peak of the 
b e r y l l i u m r e f l e c t o r . The c u r v e of F ig . 37, wh ich is a long i tud ina l t r a v e r s e 
in a b e r y l l i u m - f i l l e d t a n g e n t i a l b e a m tube , i n d i c a t e s a s l igh t flux peak at 
about 8 c m beyond the c o r n e r of the c o r e . T h e s e da ta a r e s u p p l e m e n t e d by 
i n f o r m a t i o n g iven in Sec t ion VIII .B. 

DIAOItM NOT TO SULE 

FOILS IN SEIH TUBES ME 6.7 c. NELOM 

CONE HIOFLUE 

ILL OTHEN FOILS tNE 3.1 c. NELOK 

CONE HiOrUHE 

tElCTO* CMTNOLLED NT MATEN LEVEL; 

ALL CMTtOL ILAOCS FULLT VITMOIAMi 

Fig. 33 

Foil Locations in a Cross-sectional 
View of the Beam Tubes with 
Beam Tubes Voided 

112-7527 Rev. 1 

Fig. 34 

Foil Locations in a Cross-sectional 
View of the Beam Tubes with Beam 
Tubes Filled with Beryllium 

112-7556 

DIAICAM NOT TB K A U 
FBILi IB BEAK TUMI ABE 
l .BB c ABOVE CQBE MlDFlAM 
ALL OTIEB FOILI ABE J 1 » 
BELOV COtE mDFLjHE 
NEACTOa COBTIOLLEO V WTEB LEVEL: 

ALL CWnOL B U B f S FUUT •ITf lMAM 
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1 1 1 1 1 1 r 
AFBNOIINATE ^ - _ 

NOUHOABIES 

T 1 1 T 

ACTIVITT OF FOILS COBNECTED 
FON NEUTIVE VENTICAL DISBLACE1KBT_ 

Fig. 35 

Radial Traverses with Manganese 
Foils in Assembly 3 with Beam 

^ Tubes Voided 

OISTABCE F N W CEBTEN OF ITC. c 
112-7528 

Fig. 36 

Radial Traverses with Manganese Foils » ' 
in Assembly 3 with Beryllium Filler 2 ^ 
Plugs in the Beam Tubes 

i C T I V I T T Of FOILS COaiECTED FOR 

• e U T I V E VERTICAL OISPUCCMCRT 

112-7526 
DISTAHCE FROH CERTER OF ITC, ca 
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Fig. 37 

Traverse with Manganese Foils in the 
ThroughTube in Assembly 3 with Beryl
lium Filler Plugs in the Through Tube 

DISTAICE FNOH NAOIAL CtBTU OF TBNOUM TUBE (NO. ] ] . ca 112-7551 

5. Effect of B e r y l l i u m in the ITC 

F i g u r e 38 shows the p l a c e m e n t of the l a r g e s t a i n l e s s s t e e l -
s h r o u d e d ITC and the s ix modi f ied a s s e m b l i e s on i t s p e r i p h e r y . F i g u r e 39 
shows the ac t i v i t y d i s t r i b u t i o n s in the p r e s e n c e of c o l u m n s of b e r y l l i u m 
1 and 2 in. s q u a r e , in the c e n t e r of the ITC ( A s s e m b l y 4b) . B e r y l l i u m is 
be ing c o n s i d e r e d for a v a r i e t y of u s e s a s a so l id m o d e r a t o r in p a r t of the 

EBLABBEO liTEIBlL IKEMAl COAJB* (ITC) 

Fig. 38 

Plan View of Cores Con
taining Enlarged ITC 

• FOILS LOUTtB 1.1 CB REU* CME NIO^tlE 
»OTICAi. TUVERSES; O O O ^ 
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DISTANCE F I W 

112-7532 Rev. 1 

Fig. 39. Radial Fission Traverses through Beryllium 
Columns in the Large ITC 

I T C , e . g . , f o r i n s e r t s i n s t a t i c -
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i t s s u r f a c e . 

A d d i t i o n a l e x p e r i m e n t s 

w e r e p e r f o r m e d w i t h t h r e e l i n e r s 

of b e r y l l i u m t o t a l i n g 2 . 5 4 - c m 

t h i c k n e s s i n t h e e n l a r g e d 7 . 2 - c m 

a r e a - e q u i v a l e n t - r a d i u s a l u m i n u m -

w a l l e d I T C . R a d i a l d i s t r i b u t i o n s 
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t h e s e l i n e r s ( F i g . 4 0 ) i n d i c a t e 
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a l u m i n u m - w a l l I T C p e a k v a l u e t o b e a b o u t 5% 
h i g h e r t h a n t h a t of t h e s t a i n l e s s s t e e l - w a l l 
I T C , w i t h b o t h c u r v e s n o r m a l i z e d to c o m m o n 
v a l u e s i n t h e f u e l z o n e . 

6. P o w e r D e n s i t y i n t h e G r a d e d L o a d 
i n g , A s s e m b l y 5 

T h e A s s e m b l y 5 l o a d i n g w a s ; 
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t h e i n n e r a n d o u t e r r a d i a l c o r e b o u n d a r i e s i s ? , 
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f l ux n e a r t h e e d g e s of a h e a v i l y a b s b r b i n g 

c o r e w i t h h i g h l y m o d e r a t i n g r e f l e c t o r s . 

A c t i v a t i o n t r a v e r s e s w i t h w i r e s 
of a l u m i n u m - u r a n i u m a l l o y w e r e u s e d t o 
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Fig. 40. Radial Fission Traverses 
tlirough Beryllium Liners 
in the Large ITC 



m e a s u r e power d i s t r i b u t i o n in the g r a d e d r e g i o n s . The a c t i v a t i o n s in 
A s s e m b l y 4c w e r e m a d e wi th a l l b l a d e s w i t h d r a w n , and wi th c r i t i c a l i t y 
c o n t r o l l e d by w a t e r l e v e l . The w i r e s e g m e n t s w e r e l o c a t e d a p p r o x i m a t e l y 
3 c m be low the c o r e m i d p l a n e , at the l o c a t i o n s shown in F i g s . 41 and 42. 
Two i r r a d i a t i o n s w e r e m a d e , wi th n o r m a l i z i n g po in t s loca ted in Region 1 
(see F ig . 41) . 
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INTERIOW CONTROL 

BLADE CHANNEL 

112-8994 

Fig. 41. Approximate Channel Locations 
near the ITC in Assembly 5 

WAOCO SECTION 

PERIPHCFIAL CONTROL BLADE CHANNEL^ 
0.15* THICK ALUMINUM FOLLOWER 

^ PERIPHERAL CONTROL BLAOC CHANNELS 

112-9004 Rev. 1 

Fig. 42. Peripheral Subassemblies with 
ApproximateChannelLocatioru. 
Assembly 5 

The r e s u l t s a r e p r e s e n t e d in F i g s . 4 3 - 4 6 , w h e r e the ac t i va t ion 
da ta a r e n o r m a l i z e d to unity a t the i n n e r m o s t point of Reg ion 3 (shown in 
F ig . 41) . To i n t e r p r e t the g r a p h s , we m u s t r e f e r to F i g s . 41 and 42, w h e r e 
the s y m b o l s used in p lo t t ing a r e c o r r e l a t e d with loca t ion in the c o r e . F o r 
Reg ions 1, 3, and 4, the da ta p e r m i t t e d i n t e r p o l a t i o n to d e t e r m i n e the 
a c t i v a t i o n r a t e that would have been o b s e r v e d a t the edges of s o m e of the 
fuel p l a t e s a s shown by F i g s . 43 , 45 , and 46. 

To d e t e r m i n e the r e l a t i v e p o w e r dens i t y , we used the s m o o t h 
c u r v e s d r a w n t h r o u g h the a c t i v a t i o n da ta and m u l t i p l i e d the o r d i n a t e at 
the loca t ion of e a c h fuel p l a t e by the we igh t of the fuel p l a t e . T h e s e da ta 
a r e given a s s h a d e d po in t s in F i g s . 4 3 - 4 6 . E a c h such point i n d i c a t e s a 
fuel p l a t e , a l though not a l l f ue l -p l a t e l o c a t i o n s have b e e n exp l i c i t l y shown 
ou t s ide the g r a d e d z o n e s . The n o r m a l i z a t i o n is c o n s i s t e n t f r o m c u r v e to 
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(DATA ABOVE MULTIPLIED BY 
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Fig. 43 

235 
U Fission Distribution and Power Density 

for Regions of Fig. 41, as Measured with Wires 
through the Graded Section of Assembly 5 
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Fig. 44 

235 
U Fission Distribution and Power Density 

for Region 2, Fig. 42. as Measured with Wires 
through the Graded Section of Assembly 5 
and Compared to Data from Assembly 4a 
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Fig. 45 

235 
U Fission Distribution and Power Density 

for Region 3, Fig. 41, as Measured with Wires 
in Assembly 5 
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Fig. 46 

235 
U Fission Distribution and Power Density 

for Region 4, Fig. 42, as Measured with Wires 
tjirough the Graded Section of Assembly 5 
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curve and figure to figure, permitt ing direct comparison of the relative 
power density at all locations investigated. 

Figure 43 (Region 1) shows the distribution through the graded 
region, near the ITC. Figure 44 (Region 2) shows the distribution in a 
graded assembly near the beryll ium reflector; also shown is a t r averse 
taken ear l ier through a uniformly loaded subassembly, with the data 
arbi t rar i ly normalized to the later data at the indicated point. Figure 45 
(Region 3) shows the a rea around one of the three re-ent rant corners at 
the ITC where ungraded fuel protrudes . Figure 46 (Region 4) shows the 
distribution at the outer corner of the core where the graded fuel meets 
the reflector edge-on. The t raverse points indicated by Figs. 45 and 46 
were obtained by taping the wire segments to the edge of the fuel sub
assembly so that the centers of the wires were approximately 0.08 in. 
outside the fuel foils (Fig. 47). 

A spot-check experiment 
was performed to confirm the 
assumption that the fission-rate 
distributions as measured with 
wires located between the fuel 
plates accurately indicated the 
f ission-rate distributions in the 
fuel. A sample was punched from 
the middle of one of the 1.2-mil-
thick fuel plates in the graded 
region, approximately 3 cm below 
the midplane, and the same was 
don* for one of the regular 4.4-miil 
fuel plates located deeper in the 
core. The actual fuel-foil locations 
were 0.14 and 1.34 in. fronn the 
inner edge of a graded fuel a s 
sembly adjacent to the ITC. Radio
chemical analysis of the fission 

rate of the thin-foil punching to the standard fuel-foil punching yielded a 
ratio of 5.7. The smooth-curve values (O) of Fig. 43 indicate a ratio of 
6.1 between the same two points. Both irradiations were obtained with 
all blades fully withdrawn and with crit icali ty controlled by adjusting the 
water level. The agreement is barely within the e r ro r limits for these 
measurements . 

D. Vertical Activation Distributions 

1. Effect of Reactor Operating Conditions 

HYPODERMIC NEEDLE 
0 0 3 6 0 0 

U - A l WIRE 0 0 2 1 
FUEL PLATE 

ALL DIMENSIONS IN INCHES 

112-8980 
Fig. 47. Channel and Wire Locations near 

Fuel-foil Edges 

F i g u r e s 21 and 48 show the p o s i t i o n s and r e l a t i v e a c t i v i t i e s 
of v e r t i c a l u r a n i u m - a l u m i n u m ("^U f i s s ion ) t r a v e r s e s for A s s e m b l y 3. 
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Figures 49 and 50 show similar curves for Assemblies 4a and 4b, r e spec 
tively. For the vertical t raverses in the enlarged ITC of Assembly 4b, the 
discontinuity in slope at the levels of the fuel-zone extremities corre la tes 
with the presence of heavy stainless steel rings at the ends of the large 
ITC. Foils on the periphery were taped to a simulated 0.20-in.-thick 
blade follower made of four sheets of 0.050-in.-thick aluminum. During 
irradiations, the reactor was controlled by the blades farthest from the 
t raverse locations; a top reflector of ~37-cm H^O for Assemblies 1, 2a, 2b 
and 3, and of ~78 cm for later cores, was present. In Assembly 3, a 
manganese radial t raverse was irradiated with some inserted control 
blades (see Figs. 31 and 32). Results indicated that although the activa
tions were depressed near the controlling blades, no perturbation occurred 
in the region of the normal vertical t r averses . 
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Fig. 48. Vertical Fission Traverses in Assembly : 
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Fig. 49. Vertical Fission Traverses for 
Assembly 4a 

DISTANCE FROM CORE MIDP1.ANE. cm 

112-7464 Rev. 1 

Fig. 50. Vertical Fission Traverses for 
Assembly 4b 

. i r i " ' ^ „ ' I ' I 

112-7553 

Fig. 51. Vertical Activation Traverses with Manganese Foils 
in Assembly 3 (Criticalit)' Achieved with Water 
Level Adjustment) 

F o r the r a d i a l t r a 
v e r s e s , the foi ls w e r e 3.2 c m 
below the m i d p l a n e of the 
fuel. Since t h e s e t r a v e r s e s 
w e r e m a d e with the r e a c t i v i t y 
c o n t r o l l e d by w a t e r l eve l and 
a l l b l a d e s w i t h d r a w n , s o m e 
v e r t i c a l t r a v e r s e s w e r e m a d e 
wi th w a t e r - l e v e l c r i t i c a l (in 

• A s s e m b l y 3) to d e t e r m i n e 
w h e r e the fltix peak o c c u r r e d , 
and w h e t h e r th is peak was a t 
the s a m e he igh t in the dif
f e r e n t r e g i o n s of the r e a c t o r . 
F i g u r e 51 p r e s e n t s the r e 
s u l t s of th i s e x p e r i m e n t . 

It was conc luded f r o m 
t h e s e da ta that the v e r t i c a l 
pos i t i on of the flux peak did 
not v a r y s ign i f ican t ly f r o m 
r e g i o n to r e g i o n , and that 
the p e a k w a s b r o a d enough 
so tha t the l eve l at which the 
t r a v e r s e s w e r e l oca t ed need 
not be v a r i e d f rom one se t 
of i r r a d i a t i o n s to a n o t h e r . 

F o r A s s e m b l y 5, 
v e r t i c a l t r a v e r s e s w e r e 
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m a d e in the ITC and in the fuel zone unde r each of the fol lowing c r i t i c a l 
ope ra t i ng condi t ions : 

(1) W a t e r - l e v e l con t ro l , a l l b l a d e s w i t h d r a w n . 

(2) Banked p e r i p h e r a l b l ades with the hafn ium t ips of the 
b l ades 1 in. below the top of the fuel zone; the i n - c o r e b l a d e s banked a t 
the c r i t i c a l pos i t ion , a p p r o x i m a t e l y halfway wi thdrawn; a top w a t e r r e 
f l ec to r 78-cm thick. 

(3) Reac to r con t ro l by b l ades f a r t h e s t r e m o v e d f r o m the two 
t r a v e r s e s , aga in with a top w a t e r r e f l e c t o r of a p p r o x i m a t e l y 78 c m . 

F i g u r e 52 shows the r e s u l t s for (1) above , and F ig . 53 shows 
the r e s u l t s for (2) and (3). 

DISTANCE FROM CORE MIDPLANE, 

113-1229 Rev. 1 

Fig. 52. Vertical Fission Traverse for Assembly 5; 
Graded Loading and Large Aluminum ITC, 
for Water Level Control 

113-1228 Rev. 1 

Fig. 53. Vertical Fission Traverse for Assembly 5; 
Graded Loading and Large Aluminum ITC 
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2. Effect of Increased Height of Beryllium Reflector 

To investigate benefits obtainable by increasing the height of 
the beryll ium reflector, we made ver t ical manganese activation t raverses 
in the reflector with three different heights of beryllium. The installation 
of beam tubes in the added beryll ium was under discussion, and the 
measurements were to determine the achievable flux levels. For the 
extra heights, beryll ium blocks were added to almost one-third of the 
reflector, as indicated in Fig. 54, and vert ical t raverses were made at 
the designated locations. Figures 55 and 56 are plots for the original 
beryllium height of 48.3 cm (19 in.) and for 88.9 cm (35 in.). For the 
78.7-cm (31-in.) intermediate height, which is not shown, the data inside 
the beryllium closely match the 88.9-cm (35-in.) data. These measure
ments indicate that extending the beryllium considerably above the fuel 
zone would substantially increase the neutron flux available in any beam 
tubes positioned at that level. A secondary consideration was the gain of 
about 1/4% in reactivity by addition of beryllium. An increase in height of 
the full reflector might add as much as 1% in reactivity. 

3. Influence of a Per ipheral Blade on the Flux in the Reflector 

The t r averses of Figs. 55 and 56 were made with an aluminum 
dummy in the channel of control blade No. 1. Since in the design reactor it 
might be desirable, for safety reasons, to have the peripheral blades poised 
with their tips near or somewhat below the top of the active fuel, the vertical 
t raverses were repeated with blade No. 1 (see Fig. 54) at several different 
positions. Figure 57 shows the resul ts when the tip of the hafnium was 

Control BItde No. I 

Kay t o Succ««ding Figurat 

( ) In . X 1/8 In . S l o t i in 

th t • • . Teflon Foil H o l d o r i ) 

Cross hatched area represanta 
addi t ional beryl l ium height 

112-7557 

Fig. 54. Locations of Vertical Activation Measurements in the 
Beryllium Reflector Region in Assembly 3 
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TOP OF BERYLLIUM 

- BARE FOILS 

- CADMIUM-COVERED FOILS 

,--BOTTOM OF BERYLLIUM 

I I . I I I . I 

Fig. 55 

Vertical Activation Traverse with 
Manganese Foils in the Beryllium 
Reflector Region of Assembly 3 
(Beryllium Height 19 in.) 

DISTANCE FROM BASE OF BERYLLIUM. I 113-1573 Rev. 1 

1 — \ \ r 

BARE FOILS 

---CADMIUM 
. COVERED FOILS 

J \ \ L 
0 4 e 12 16 20 24 28 32 36 

DISTANCE FROM BASE OF BERYLLIUM, in 

113-1574 Rev. 1 

Fig. 56. Vertical Acavation Traverses with Manganese 
Foils in the Beryllium Reflector Region of 
Assembly 3; Beryllium Height 35 in. 

e 12 16 20 24 28 32 

DISTANCE FROM BASE OF BERYLLIUM, in. 

112-7461 Rev. 1 

Fig, 57. Vertical Activation Traverses with Manga
nese Foils in the Beryllium Reflector 
Region of Assembly 3; Hafnium Blade 
Tip 1-1/2 in. below the Top of the Fuel 
Region, Beryllium Height 31 in. 
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3.8 c m (1.5 in.) be low the top of the fuel [wi th 78.7 c m (31 in.) of b e r y l l i u m ] . 
C o m p a r i s o n wi th F ig . 56 shows tha t the flux a t the uppe r end of the t r a v e r s e 

at p o s i t i o n A h a s b e e n l o w e r e d by about 
20%, but t ha t t h e r e i s no no t i ceab l e effect 
a t the o t h e r two l o c a t i o n s . 

TOP OF 
BCRYLLIUM 

\ \ \ \ 
k \ 
\ \ 
\ V 

ACTIVATIONS WITH A STANDARD \ \ 
0 2 in THICK HAFNIUM CONTROL \ \ 

BOTTOM OF BERYLLIUM 

BLADE (TIP OF THE HAFNIUM AT 
THE FUEL CENTER LINE! IN THE ^ 
CHANNEL OF CONTROL BLAOC NO 1 \ 

ACTIVATIONS WITH AN ALUMINUM 1 
DUMMY IN THE CHANNEL OF 
CONTROL BLADE NO 1 

I I I 
12 16 2 0 

DISTANCE FROM BASE OF B E R Y L L I U M , 

T h e e f f e c t o n t h e r e f l e c t o r 

f l u x i s m o r e p r o n o u n c e d a s b l a d e N o . 1 

i s i n s e r t e d f u r t h e r . F i g u r e 58 s h o w s t h e 
r e s u l t s f o r a h a l f - i n s e r t e d b l a d e , t h i s 

t i m e f o r t h e s t a n d a r d b e r y l l i u m h e i g h t 

of 4 8 . 3 c m ( 1 9 i n . ) . C o m p a r i s o n w i t h 

t h e b r o k e n l i n e s , t a k e n f r o m F i g . 5 5 , 

s h o w s c o n s i d e r a b l e f l u x d e p r e s s i o n a t 

l e a s t a s f a r o u t a s p o s i t i o n B ( F i g . 5 4 ) . 

4 . E f f e c t of V o i d i n g t h e I T C 

112-7466 In t h e c o u r s e of i n v e s t i g a t i n g 

t h e e f f e c t s of v o i d s i n t h e I T C f o r 

A s s e m b l y 3 , a s d e s c r i b e d i n S e c t i o n I V . E , 

v e r t i c a l m a n g a n e s e a c t i v a t i o n t r a v e r s e s 

w e r e m a d e u n d e r c o n d i t i o n s of 7 3 % v o i d 

a n d of f u l l f l o o d i n g ( b u t w i t h t h e L u c i t e 

t u b e s i n p l a c e ) . L u c i t e - f o i l h o l d e r s 

1.27 c m w i d e x 1 / 1 6 c m t h i c k w e r e u s e d . T h e i n s e r t i n F i g . 59 i n d i c a t e s 

t h e v o i d i n g p a t t e r n c r e a t e d b y t h e 19 L u c i t e t u b e s a n d s h o w s t h e l o c a t i o n s 

Fig. 58. Vertical Activation Traverses with 
Manganese Foils in the Beryllium 
Reflector of Assembly 3; Hafnium 
Blade Tip at the Core Midplane. 
Beryllium Height 19 in. 

Fig. 59 

Vertical Activation Traverses with Manganese 
Foils in the ITC under Flooded and 74'^ Voided 
Conditions in Assembly 3 

Cli-COVERED BARE 

ITC FLOODED 

ITC 7 3 % VOCCD. . 

112-7465 Rev. 1 
10 2 0 3 0 4 0 

VERTICAL DISTANCE, cm 
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of the vertical t raverses . Also presented in Fig. 59 are the t r averse 
results , indicating the magnitude of the thermal-flux reduction due to 
removing 73% of the water. The cadmiun-covered manganese activation 
was not very sensitive to the degree of voiding. 

HORIZONTAL DIST FROM EDGE OF SUBASSEMBLIES, in. 

PERIPHERAL 
o 0 .06] CONTROL 
i O , 3 o [ BLADE 

NO. 2 

INTERIOR 
• 0.175] CONTROL 
A 1.55 BLADE 
• 2.2 J NO.IO 

112- ' 

VERTICAL DISTANCE, in. 

7467 Rev. 1 

Fig. 60. Vertical " ^ Fission Distributions as 
Measured with Wires near Half In
serted Control Blades in Assembly 4a 

channels a r e about 0.63 cm wide, 
wa te r with the thin fol lower . A s 

The two s e t s of a c t i v a t i o n s w e r e 
n o r m a l i z e d to each o t h e r by m e a n s of 
m o n i t o r foils l oca ted in the fuel zone . 

E . Deta i led Mapping n e a r C o n t r o l B l a d e s 

F i g u r e 60 shows the r e s u l t s of 
v e r t i c a l u r a n i u m - a l u m i n u m w i r e 
t r a v e r s e s n e a r h a l f - i n s e r t e d c o n t r o l 
b l a d e s , one p e r i p h e r a l and one i n - c o r e . 
R e f e r e n c e to a r a d i a l t r a v e r s e (F ig . 24) 
can he lp expla in the fact that the peak 
flux in the i n t e r i o r of the fuel e l e m e n t 
n e a r the p e r i p h e r a l b l ade is l o w e r than 
for the i n - c o r e b l a d e . T h e r e is t yp ica l ly 
a dip in the flux n e a r the ou te r edge of 
the fuel zone. 

The flux peaking due to the w a t e r -
fi l led s p a c e b e s i d e c o n t r o l - b l a d e fo l lowers 
was i nves t i ga t ed using u r a n i u m - a l u m i n u m 
w i r e s . Two di f ferent w a t e r t h i c k n e s s e s 
w e r e obta ined by us ing a thin ( 0 . 3 8 - c m ) 
a l u m i n u m fol lower and a r e g u l a r ( 0 . 5 1 - c m ) 
a l u m i n u m fo l lower . Since the b lade 
t h e r e was a p p r o x i m a t e l y twice a s much 

t a i n l e s s s t ee l fo l lower was a l s o used . 

F i g u r e 61 p r e s e n t s the r e s u l t s . To obta in t h e s e d a t a , we m a d e two 
i r r a d i a t i o n s , with the following conf igura t ions : 

No. 7 Blade Channel 
No. 9 Blade Channel 

F i r s t I r r a d i a t i o n 

SS fol lower 
0 . 5 1 - c m Al fol lower 

Second I r r a d i a t i o n 

0 . 5 1 - c m Al fol lower 
0 . 3 8 - c m Al fo l lower 

The 0 .51 -cm a luminum fol lower was used in each i r r a d i a t i o n , once in each 
posi t ion, to d e t e r m i n e w h e t h e r r e s u l t s for pos i t ion No. 7 would a l s o be 
typica l of pos i t ion No. 9. The a g r e e m e n t be tween the two s e t s of da ta , 
plot ted as c i r c l e s in Fig. 61 , is sa t i s fa .c tory . AU data w e r e i n t e r n o r m a l i z e d 
so that the u p p e r m o s t point for the 0 . 5 1 - c m (0 .2 - in . ) a l u m i n u m fol lower 
o c c u r s at 1.00. The indica ted d i s t a n c e s a r e m e a s u r e d in the p lane of the 
fuel foi ls , r a t h e r than p e r p e n d i c u l a r to the c o n t r o l b l a d e s . 
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DISTANCE FROM CENTER OF BLADE CHANNEL, in 

112-7463 

235, Fig. 61. '̂̂ ''U Fission Distribution as Measured with Wires 
near Control Blade Followen in Assembly 4a 

T h e s e m e a s u r e m e n t s i n d i c a t e t h a t t h e p o w e r p e a k i n g in f u e l n e a r 

c o n t r o l - b l a d e f o l l o w e r s i s l i t t l e a f f e c t e d b y t h e u s e of a s t a i n l e s s s t e e l 

r a t h e r t h a n a n a l u m i n u m f o l l o w e r . F o r t h e t h i n a l u m i n u m f o l l o w e r , w h i c h 

s i m u l a t e d m o r e a c c u r a t e l y t h e d e s i g n c o n t r o l - c h a n n e l w a t e r t h i c k n e s s , 

t h e r e w a s i n c r e a s e d f l u x in t h e c o n t r o l c h a n n e l i t s e l f , b u t l i t t l e a d d i t i o n a l 

p e a k i n g i n n e a r b y f u e l . T h e p o w e r p e a k i n g w a s m o s t p r o n o u n c e d w i t h i n t h e 

f i r s t 1 / 2 c m of f u e l a t t h e c o n t r o l c h a n n e l . T h e m i d p l a n e m a x i m u m - t o -

a v e r a g e p o w e r r a t i o i n a 2 7 - p l a t e s u b a s s e m b l y n e x t t o t h e c o n t r o l - b l a d e 

f o l l o w e r w a s a p p r o x i m a t e l y 1 . 2 5 . 

F . D e t e r m i n a t i o n of a n I m p r o p e r F u e l L o a d i n g 

A n e x p e r i m e n t w a s p e r f o r m e d w i t h t h e g r a d e d l o a d i n g ( A s s e m b l y 5) 

t o d e t e r m i n e w h e t h e r t h e m i s t a k e n i n s e r t i o n of a n a n o m a l o u s l y l o a d e d f u e l 

p l a t e i n p l a c e of o n e of t h e g r a d e d p l a t e s c o u l d b e e a s i l y d e t e c t e d b y a n 

a c t i v a t i o n m e a s u r e m e n t . T h e s i x f u e l s u b a s s e m b l i e s f a c i n g t h e I T C w e r e 

u s e d . T w o of t h e s i x r e m a i n e d a s r e f e r e n c e s u b a s s e m b l i e s w i t h u n c h a n g e d 

g r a d e d l o a d i n g s . F o u r s u b a s s e m b l i e s u n d e r w e n t f u e l - p l a t e s u b s t i t u t i o n s 

a t p l a t e p o s i t i o n 1 o r 3 ( c o u n t i n g f r o m t h e a l u m i n u m I T C s h r o u d ) . U r a n i u m -

a l u m i n u m f o i l s o n a l u m i n u m s p e a r s w e r e p l a c e d o n e i t h e r s i d e of t h e f u e l 

f o i l i n q u e s t i o n . T a b l e X X s h o w s t h e r e s u l t s . F o r t h e c a s e s s t u d i e d , t h e 

a c t i v i t y p e r t u r b a t i o n s r a n g e f r o m 7 t o 3 1 % . T h e a c t i v i t y of t h e f o i l o n 

t h e c o r e s i d e of t h e a n o m a l o u s f u e l p l a t e w a s m o r e s e n s i t i v e t o t h e a n o m a l y 

t h a n w a s t h e a c t i v i t y of t h e f o i l o n t h e I T C s i d e . 



TABLE XX. Measurement of Flux Levels near Improper Loading 

Relative 

U-Al 
Relative 
Activity 

Fuel Foil 
Weight, 

U-Al Foil Position Activity Normalized 

Between 

ITC shroud and 
1st fuel foil 

1st and 2nd 
fuel foils 

ITC shroud and 
1st fuel foil 

1st and 2nd 
fuel foils 

ITC shroud and 
1st fuel foil 

1st and 2nd 
fuel foils 

Between 

2nd and 3rd 
fuel foils 

3rd and 4th 
fuel foils 

2nd and 3rd 
fuel foils 

3rd and 4th 
fuel foils 

2nd and 3rd 
fuel foils 

3rd and 4th 
fuel foils 

Anomalous fuel foil in position 1 

1.00 

0.67 

0.93 

0.54 

0.85 

0.46 

1.00 

1.00 

0.93 

0.81 

0.85 

0.69 

11.89 

29.13 

52.63 

Anomalous fuel foil in position 3 

0.44 

0.30 

0.41 

0.28 

0.39 

0.26 

1.00 

1.00 

0.93 

0.91 

0.89 

0.86 

20.21 

38.80 

52.69 

Approximate 
Thickness of 
Anonnalous 
Fuel Foil, 

mils 

0.9 (Ref.) 

2.5 

4.4 

1.6 (Ref.) 

3.3 

4.4 

Each foil position independently normalized to the activity of the 
reference foil. 



VI. CADMIUM-RATIO MEASUREMENTS 
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and 
Cadmium ratios for dysprosium, indium, gold, manganese, copper, 

U (fission) have been measured in four AARR cri t ical assemblies . 
The loadings are l isted in Table XXI, where the Fuel/Boron column gives 
the number of fuel plates and the number of boron-poisoned stainless steel 
plates. The moderating ratio, defined to be ^Sg/Zg^, was calculated using 
2200-m/sec absorption c ross sections and slowing-down values (^Zg) of 
20.4 and 0.45 barns /a tom, for hydrogen and oxygen, respectively. 

TABLE XXI. Loadings in AARR Critical Facility 

Assembly No. Fuel/Boron Moderating Ratio^ 

1 
2 
3 
4a 

315/000 
615/420 
810/810 
1215/1620 

1.190 
0.606 
0.447 
0.289 

^Modera t ing r a t i o a s defined in tex t . 

B e f o r e i r r a d i a t i o n , the foils w e r e e n c l o s e d in c a p s u l e s of 2 0 - m i l -
th ick c a d m i u m o r a l u m i n u m , which w e r e then t aped in ho les cut in 4 0 - m i l -

th ick , l / 2 - i n . - w i d e a l u m i n u m s t r i p s . E a c h of 
t h e s e a l u m i n u m s p e a r s con ta ined a p a i r of fo i l s , 
one a l u m i n u m - c o v e r e d and one , for the d i r e c t 
c a d m i u m - r a t i o m e a s u r e m e n t s , c a d m i u m -
c o v e r e d . They w^ere loca ted so that they would 
be equ id i s t an t f rom the c o r e midp lane when the 
s p e a r was i n s e r t e d in one of the 4 0 - m i l w a t e r 
c h a n n e l s be tween the fue l -p l a t e p o s i t i o n s . The 
loca t ions a r e i nd i ca t ed in F ig . 62. To p r e s e r v e 
v e r t i c a l flux s y m m e t r y , we used a full top w a t e r 
r e f l e c t o r and c o n t r o l l e d the r e a c t o r by b l a d e s 
far r e m o v e d f rom the fo i l s . 

Fig. 62. Positions where Cadmium 
Ratios were Measured 

When the c a d m i u m r a t i o w a s c l o s e to 
uni ty , the " d y s p r o s i u m s u b s t i t u t i o n " (or " t h e r m a l 
a c t i v a t i o n " ) me thod w a s u sed . F o r a m e a s u r e 
m e n t of this type , each AARR loca t ion con ta ined 
one d y s p r o s i u m foil and one foil of the m a t e r i a l 

be ing u s e d for the i n v e s t i g a t i o n . S i m u l t a n e o u s l y with the AARR run , an 
i r r a d i a t i o n would typ i ca l ly be p e r f o r m e d in the t h e r m a l c o l u m n of ATSR, 
wi th the r i s i n g p e r i o d s and t i m e s a t p o w e r s y n c h r o n i z e d fa i r ly c l o s e l y . The 
t h e r m a l - c o l u m n foils w e r e m o u n t e d on a ro t a t i ng a l u m i n u m w h e e l l oca t ed in 
a 4 - i n . - w i d e void in the g r a p h i t e s t a c k . Typ ica l ly t h e r e w e r e two a l u m i n u m -
c o v e r e d foils and two c a d m i u m - c o v e r e d foils of e a c h m a t e r i a l . 



The dysprosium substitution method provides fairly reproducible 
indications of the quantity cadmium ratio less one (CdR- 1), which is the 
ratio of subcadmium to epicadmium activation. Because of the t ransmission 
of e r r o r s , direct measurements result in large fractional variation of that 
quantity if the cadmium ratio is nearly unity. As described in Ref. 18, the 
following relationship was used: 

CdR^ 

CdRx J F L^-JF 

CdR,, 

CdR y J F y j T 

C d R ^ 

CdRx 
J T 

CdR,, 

CdRv 
K, (12) 

J T 

where 

(a*) th 

(a*): th 

(a*) th 

(a*) th 
(13) 

Equation 12 permits estimation of the quantity (CdRj, - 1 )/CdRjj for 
a material x having a CdR of ~ 1 , by comparison of the activation rate with 
that of a material y which has a larger cadmium ratio in the same medium F. 
The subscript T refers to the thermal column. The evaluation of the 
factor K is described in Refs. 18 and 19, the latter being applicable to 
AARR neutron-energy distributions. 

A small but systematic disagreement was found between the results 
of dysprosium-substitution measurements and data from direct cadmium-
ratio measurements, wherever both methods were used. The results might 
indicate either an e r ror of 1 to 2% in direct cadmium-ratio measurements 
(i.e., because of a lowering of the local fission source by the cadmium 
covers), or some difficulty with cross sections or other information affect
ing the application of the substitution method. The main advantage of the 
dysprosium-substitution method is the improved sensitivity and reproduc
ibility in cores having hardened neutron spectra. 

Foil materials for the AARR measurements are listed in Table XXII. 
All diameters were 0.818 cm. Relative activations were measured by 
gamma scintillation counting using Nal (Tl) detectors. 

TABLE XXII. Foil Materials Used In Cadmium-ratio Measurements 

Material 

3.7 w/o Dy-96.3 w/o Al 

Indium metal 

Gold metal 

90 w/o Mn-10 w/o Cu 

Copper metal 

17.5 w/o U-82,5 w/o Al 
lU o( 92.75% Enrichment) 

Nominal 
Ttiickness. 

cm 

0.023 

0.0030 

00027 

0.0063 

0.0051 

00051 

Isotope 
(or CdR 

164Dy 

115|o 

l " A u 

55Mn 

«Cu 
235u 

Fission 

Activation 
Halt-life 

2.3 hr 

54 mo 

2.7 days 

2.58 hr 

12.8 hr 

-

Energy ot 
Principal Resonance, 

eV 

1.457 

4.91 

337 

580 

• 



T a b l e XXIII l i s t s the o b s e r v e d c a d m i u m r a t i o s . E a c h va lue is the 
a v e r a g e for t h r e e to five l o c a t i o n s i n s i d e the fuel r e g i o n , the a s s i g n e d 
e r r o r s be ing d e r i v e d f r o m the o b s e r v e d s c a t t e r of the ind iv idua l m e a s u r e 
m e n t s and f r o m the e s t i m a t e d p r e c i s i o n of the d e t e r m i n a t i o n . F o r ind ium 
and gold, the d i r e c t c a d m i u m - r a t i o m e a s u r e m e n t s have b e e n c o r r e c t e d 
for e p i c a d m i u m a b s o r p t i o n by the 0 . 0 5 1 - c m - t h i c k c a d m i u m c o v e r s . 

8 1 

TABLE XXIII. Cadmium Ratios in Fuel Region 

Assemtily 
No. 

1 

2 

3 

ia 

235y 

(Fission) 

3.36 ± 0.10 

2.00 ± OM 

1.65 t 005 

1.37 t 0.03 

Dysprosium 

10.8 t 0.6 

5.87 1 0.20 

4.36 t 015 

2.99 t 0.16 

Indium^ 

1.28 1 0.02 

1.163 t 0.020 
L130 t 0.008" 

1.094 t 0.010'' 

1.060 1 0.0O5'> 

Mi> 

1.23 t 0.02 

1.126 t a0O6 
1.111 1 O.0O5'' 

1.080 t o .n i" 

1.041 t O.0Ml> 

Manganese 

2.38 t 0.06 

1.59 1 O02 

1.37 t aoi 

1.21 t 0.02 
1.1651 o.ooaf 

Copper 

2.11 t 0.02 

1 5 4 1 ace 

1.29 t a03 

1.14 t 0.01 
1.130 t 0.009<l 

3 Indium and gold adivalion da(a are corrected to (oil thicknesses o( 0.003 and 0.0028 cm. respectively 
llDysprosium sutjstitution values for a cadmium cutotf energy of 0.53 eV. 

F i g u r e s 63 -68 a r e p lo t s of the c a d m i u m r a t i o s f r o m the AARR 
c r i t i c a l s (Tab le XXIII), a long wi th c a d m i u m r a t i o s p r e v i o u s l y m e a s u r e d 
in the H i - C s e r i e s of c r i t i c a l a s s e m b l i e s . In t h e s e g r a p h s , the so l id l i nes 
a r e l e a s t - s q u a r e s l i n e a r fits to the H i - C a n d BORAX-V da ta po in t s , and the 
d a s h e d l i nes w e r e d r a w n t h r o u g h the AARR da t a p o i n t s . The lengths of the 
e r r o r b a r s a r e d e t e r m i n e d by the r e p r o d u c i b i l i t y of the d e t e r m i n a t i o n s , o r 
by the s c a t t e r of the m e a s u r e m e n t s for s e v e r a l c o r e loca t ions which should 
give s i m i l a r r e s u l t s . E r r o r l i m i t s that a r e l e s s than the he ight of the symbo l 
a r e not shown. 
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Fig. 63, Fission Cadmium Ratio 
as a Function of Lattice 
Moderating Ratio 
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Fig. 64. Cadmium Ratio of Dysprosium as a 
Function of Lattice Moderating Ratio 
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Fig. 65. Cadmium Ratio for 1.2-mil 
Indium as a Function of 
Lattice Moderating Ratio 
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66. Cadmium Ratio for 1.1-mil 
Gold as a Functionof Lattice 
Moderating Ratio 
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Fig. 67. Cadmium Ratio for Manganese 
as a Function of Lattice 
Moderating Ratio 
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Fi] . Cadmium Ratio for Copper 
as a Function of Lattice 
Moderating Ratio 

T h e c a d m i u m r a t i o s a s p l o t t e d in t h e s e f i g u r e s h a v e n o t b e e n 

c o r r e c t e d fo r f l ux d e p r e s s i o n , s e l f - s h i e l d i n g in t h e f o i l , o r ( e x c e p t f o r 

t h e A A R R d a t a ) p e r t u r b a t i o n s d u e t o t h e c a d m i u m c o v e r s . T h e m o d e r a t i n g 

r a t i o s w e r e c a l c u l a t e d u s i n g t h e 2 2 0 0 - m / s e c a b s o r p t i o n c r o s s s e c t i o n s , 

w i t h no c o r r e c t i o n s fo r l a t t i c e i n h o m o g e n e i t i e s . T h e H i - C d a t a w e r e 

o b t a i n e d w i t h f o i l s i n s e r t e d i n t o f u e l r o d s ; A A R R m e a s u r e m e n t s w e r e 

w i t h f o i l s p o s i t i o n e d in t h e c o o l a n t b e t w e e n f u e l p l a t e s . A s d i s c u s s e d i n 

S e c t i o n I V . A , t h e a c t i v a t i o n i n fue l w a s s i g n i f i c a n t l y h i g h e r t h a n i n u r a 

n i u m f o i l s b e t w e e n A A R R fue l p l a t e s , in t h e m o s t d e n s e l y l o a d e d c o r e . 

T h e l i n e a r i t y of p l o t s s u c h a s t h o s e of F i g s . 6 3 - 6 8 h a s b e e n d i s 
c u s s e d e l s e w h e r e . ' T h e m o d e r a t i n g ' r a t i o i s t h e m o s t i m p o r t a n t f a c t o r 
in d e t e r m i n i n g t h e c a d m i u m r a t i o , w i t h o t h e r f a c t o r s p l a y i n g a s e c o n d a r y 
r o l e . 



83 

A possible explanation for the difference in slope between the AARR 
and Hi-C resul ts is as follows: An elementary two-group analysis^' shows 
that lattice inhomogeneities have little effect on cadmium ratios when the 
foils a re exposed to a representat ive sannple of the flux in the fuel, as was 
the case with the Hi-C and BORAX-V cores . In the AARR cores , measure 
ments were with foils inserted into the coolant space between fuel plates. 
In the cores containing 315, 615, or 810 fuel foils, the remaining positions 
were stainless steel dummy plates, which resulted in thermal-flux peaks in 
the locality of the cadnnium-ratio measurements . Thus it is logical that the 
cadmium ratios measured in the lighter AARR core loadings are higher 
than would have been measured in the fuel of AARR. Finally, there was a 
noticeable thermal-flux depression near the foils because of the increased 
absorption cross section and the water displacement associated with AARR 
activation foils, covers , and holders . This effect required a correction 
factor of 1.15 in the Assembly 4 absolute power determination, where sam
ples punched from fuel plates were compared with bare foils i rradiated in 
coolant channels. (This correct ion was not applied in Table XXIII or 
Figs. 63-68, because any sinnilar effect on epicadmium activation has not 
been nneasured, and the effect on bare foils has been measured only in 
Assembly 4.) 

The epicadmium activation of manganese foils in AARR was signifi
cantly depressed by resonance shielding in the fuel region. The one-to-one, 
metal- to-water ratio resul ts in nearly 45% stainless steel content by volume 
in the fully loaded core, and even more in the loadings containing stainless 
steel dummy plates. A maximum of 2% manganese content is indicated for 
Type 304 stainless steel, or nearly 1% of the core volume. Since resonance 
activation of manganese is roughly half of its fpicadmium activation in a 
l /E neutron-energy distribution, it is not surprising that the manganese 
cadmium ratios are substantially higher in AARR than in Hi-C. Manganese 
activation is discussed further in Section IV.B. 
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VII. NEUTRON-DENSITY MEASUREMENTS NEAR MOCKED-UP 
AARR PRESSURE VESSEL, BEAM TUBE, AND SHROUD 

A. Flux Level at Location of AARR Startup Instruments (Measured in 
Assembly 3) 

If no arrangements were made to increase leakage of neutrons locally 
through the 4-ft inside-radius pressure vessel of AARR by the use of neutron 
"windows," the flux detectors for reactor operation would have necessitated 
penetrations for access into regions providing more satisfactory geometry. 
Additional vessel penetrations would be difficult and expensive. The radial 
thermal-neutron flux distribution was measured with water filling the space 
beyond the beryllium reflector of the AARR Critical Experiment, out to the 
5-ft inside-radius vessel (see Fig. 69). The BF3 counter was used at large 

radii because of its higher sensitivity to neu
trons than manganese or indium foil. The flux 
is seen to be considerably less than 10" as 
great at 122-cm (4-ft) radius as at the ITC peak. 
Installation of 11.4-cm (4 i - in . ) thick carbon 
steel pressure vessel reduced the flux still 
further, and it was desired to increase the flux 
by a factor of about ten at the radius of the AARR 
startup detectors (~137 cm). The desired ratio 
of flux at that point to flux at the ITC peak is 
about 10"'. 

As indicated by Fig. 27, displacement of 
water by installation of a graphite thermal 
column, or by aluminum as well, substantially 
raised the flux level at the periphery. Figure 28 
is a similar t raverse made with the 11.4-cm-
thick steel slab, simulating the pressure vessel 
of AARR design, positioned at 122-cm (4-ft) 
radius. 

RADIAL DISTANCE FROM CENTER OF I T C . Cm 

112-7370 

Fig. 69. Composite Radial Travene 
with Various Neutron 
Detectors 

S e v e r a l m e a s u r e m e n t s w e r e m a d e us ing 
a s t a t i o n a r y BF3 n e u t r o n c o u n t e r and v a r i o u s 
t h i c k n e s s e s of m a t e r i a l in the " n e u t r o n window." 
Before the 1 1 . 4 - c m - t h i c k s t e e l s l ab had been 

ins ta l l ed , the BF3 coun te r was pos i t ioned a t about 157 -cm r a d i u s . It was 
end-on toward the r e a c t o r v e s s e l and touched the o u t s i d e . A c o l l i m a t o r 
was c o n s t r u c t e d a round the BF3 d e t e c t o r to sh ie ld a g a i n s t r o o m - s c a t t e r e d 
n e u t r o n s . The c o l l i m a t o r wal l inc luded an i n n e r l i ne r of 1 .27-cm t h i c k n e s s 
of P l e x i g l a s , and l a y e r s of c a d m i u m and B e n e l e x . The sh i e ld t h i c k n e s s 
was about 12.7 c m . 
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1—r - |—I—r 
MATERIAL 

20 5 / 6 GRAPHITE 

ai /4 in GRAPHITE 
« i / 2 > i 6 i / 2 IN 
LINE WITH 24 in » 
OF ALUMINUM I S i i e / 

NOTE' ALL DIMENSIONS 
IN INCHES A MINIMUM 
0 F 2 V 4 i n HiO SEPARATED 
M REFLECTOR FROM Al 
OR GRAPHITE (C) 

. APPROK EFFECT Of A 
"WINDOW" POSITIONED 
NEAR THE VESSEL 

B l/4ln OF 24 In OF 
C SHIFTED Al SHIFTED 
AWAY FROM Sa TOWARD St J _ _L 

As shown by Fig. 70, both the thick
ness and the radial location of mater ia l 
were important. Aluminum appeared to 
t ransmit more leakage neutrons than did 
graphite, with 18 x 18-in. plates of alumi
num being compared to 16 x 24-in. graphite 
s tacks. The detector geometry strongly 
favored epithermal effects. 

The inset of Fig. 70 shows the 
effect of rearranging a composite graphite 
and aluminum window. This normalization 
count rate was much higher than for the 
re s t of Fig. 70, and was obtained with 
S~ in. of graphite near the beryllium reflec
tor and 24 in. of aluminum between the 
graphite and the reactor vessel wall. The 
count rate increased as the graphite was 
moved out to the reactor vessel wall in 
two steps, each involving half of the 
graphite. The aluminum was moved 4j in. 
toward the beryllium during each step, to 
provide the reverse of the initial config
uration after the second step. The pro

portional change in the count rate was about the same as if no aluminum 
were present . However, the normalization count rate was representative 
of that expected from Fig. 70 for about 30 in. of aluminum. 

EXTENT OF WINDOW IN RADIAL DIRCCTION. In 

113-1285 Rev. 1 

Fig. 70. Effect of Extending a 
"Neutron Window" in 
the Radial Direction 

L a t e r , the 1 1 . 4 - c m - t h i c k s t ee l s l ab \»as i n s t a l l e d and the BF3 
d e t e c t o r was s i t u a t e d j u s t o u t s i d e the s l ab at about 137-cm r a d i u s to s i m u 
la te AARR s t a r t u p d e t e c t o r g e o m e t r y . With a 46 x 46 x 6 3 . 5 - c m alunninum 
s t a c k s i t u a t e d be tween the s t e e l s l a b and the b e r y l l i u m r e f l e c t o r , the B F j 
d e t e c t o r count r a t e i n d i c a t e d a flux of - 4 0 n / c m V s e c pe r wat t of r e a c t o r 
power , which is ~ 1 0 " ' a s g r e a t a s a t the ITC peak . The a l u m i n u m window 
was e s t i m a t e d to con ta in about 2 v / o of HjO, which would be a r e a s o n a b l e 
coo lan t vo lume if d i s t r i b u t e d p r o p e r l y . However the d e s i r e d d i s t r i b u t i o n 
had not been d e t e r m i n e d at the t i m e and a un i fo rm d i s t r i b u t i o n was u s e d 
for the e x p e r i m e n t . 

V a r i a t i o n s w e r e m a d e to c o v e r the r a n g e of H^O con ten t of i n t e r e s t 
in the d e s i g n . As shown by F i g . 71 , the H^O con ten t da ta w e r e n e a r l y l i n e a r 
on a s e m i l o g p lo t . A w a t e r gap of a g iven t h i c k n e s s a t t e n u a t e d the count r a t e 
m o r e e f fec t ive ly if p o s i t i o n e d n e a r the s t e e l s l ab than a t i n t e r m e d i a t e 
l o c a t i o n s or n e a r the b e r y l l i u m r e f l e c t o r . F i g u r e 71 d i f fe r s f rom F i g . 70 
in s e v e r a l r e s p e c t s , inc luding the BF3 d e t e c t o r pos i t i on and the p r e s e n c e 
of the s t e e l s l a b . 



THICKNESS OF H^O IN 25 In. Al WINDOW 

113-1230 Rev. 1 

Fig. 71. Effect of Inclusion of 
H2O in Aluminum 
Window 

T h i c k e n i n g t h e s t e e l s l a b t o 14 c m 

( 5 i i n . ) b y r e p l a c i n g 2 . 5 c m (1 i n . ) of a l u 

m i n u m b y s t e e l r e d u c e d t h e B F j c o u n t r a t e 

b y a l m o s t a t h i r d . 

B . S t a r t u p I n s t r u m e n t R e s p o n s e t o a S t a r t u p 

S o u r c e ( M e a s u r e d in A s s e m b l y 3) 

S u b c r i t i c a l n e u t r o n - m u l t i p l i c a t i o n 

m e a s u r e m e n t s , u s i n g t h e s t a r t u p i n s t r u m e n t s , 

a r e n e c e s s a r y d u r i n g A A R R s t a r t u p s . T h e s e 

m e a s u r e m e n t s i n d i c a t e t h e r e a c t i v i t y of t h e 

s y s t e m a s c r i t i c a l i t y i s a p p r o a c h e d . W i t h 

o u t t h i s i n d i c a t i o n , t h e a p p r o a c h t o c r i t i c a l 

m i g h t b e w a s t e f u U y s l o w w h e n f a r f r o m 

c r i t i c a l , o r t o o f a s t w h e n n e a r c r i t i c a l . T h e 

s o u r c e - l e v e l n e u t r o n f l u x m u s t b e h i g h 

e n o u g h f o r a c c u r a t e m e a s u r e m e n t s e v e n 

w i t h t h e h i g h g a m m a b a c k g r o u n d a n t i c i p a t e d 

i n A A R R a f t e r a f e w m o n t h s of o p e r a t i o n . 

M e a s u r e m e n t s w e r e m a d e in t h e e x p e r i m e n t a l f a c i l i t y t o d e t e r m i n e 

w h a t i n s t r u i n e n t r e s p o n s e c o u l d b e o b t a i n e d u s i n g a g i v e n s o u r c e s t r e n g t h . 

A l t h o u g h a s m a l l , s p h e r i c a l ( 1 . 6 - c m - d i a m ) '^ ' 'Sb s o u r c e w a s u s e d f o r t h e 

e x p e r i m e n t , s e v e r a l l o c a t i o n s w e r e t r i e d t o p e r m i t c o r r e l a t i o n b e t w e e n a 

s p h e r i c a l s o u r c e a n d a r o d - s h a p e d s o u r c e , a n d t o i n d i c a t e t h e e f f e c t of 

c h a n g i n g t h e r a d i a l l o c a t i o n of t h e s o u r c e . 

T h i s e x p e r i m e n t w a s w i t h a B F 3 d e t e c t o r g e o m e t r y , a p p r o x i m a t e l y 
a s d e s c r i b e d i n S e c t i o n V I L A . A f l u x of ~ 3 0 n / c m Y s e c p e r w a t t of r e a c t o r 
p o w e r w a s i n d i c a t e d . T h e s p e c i a l s o u r c e w a s c a l c u l a t e d to h a v e ~ 1 . 5 C i 
of '^ ' 'Sb a c t i v i t y , w i t h a r a d i a t i o n i n t e n s i t y a s m e a s u r e d b y g a m m a d o s i m 
e t e r s , of ~ 2 6 R / h r a t 3 0 . 5 c m (12 i n . ) , i n a i r . T h e s o u r c e w a s i n s e r t e d i n t o 
a v e r t i c a l a i r - f i l l e d t u b e e x t e n d i n g t o t h e m i d p l a n e of t h e r e a c t o r , a n d t h e 
r a d i a l p o s i t i o n w a s r o u g h l y m i d w a y b e t w e e n t h e i n n e r a n d o u t e r b o u n d a r i e s 
of t h e 3 0 - i n . - t h i c k b e r y l l i u m . 

T a b l e X X I V i n d i c a t e s t h e i n s t r u m e n t r e s p o n s e s a s s t a r t u p p r o c e e d e d , 
r e a d i n g f r o m l e f t t o r i g h t , u p t o k ^ j f = 0 . 9 9 3 . ( I n t e r l o c k s r e q u i r e d t h e 
i n s e r t i o n of t h e o l d s t a r t u p s o u r c e , w h i c h w a s a b o u t 0 . 0 8 C i , b u t i n a m o r e 
e f f e c t i v e l o c a t i o n t h a n p l a n n e d f o r A A R R . ) 

T a b l e X X V s h o w s t h e i n s t r u i n e n t r e s p o n s e a s t h e s p e c i a l s o u r c e 
w a s r a i s e d i n 7 . 6 - c m ( 3 - i n . ) s t e p s f r o m t h e m i d p l a n e . T h i s m e a s u r e m e n t 
i n d i c a t e d t h a t t h e s o u r c e e f f e c t i v e n e s s d e c r e a s e d t o h a l f t h e v a l u e f o u n d 
a t t h e m i d p l a n e , w h e n t h e s o u r c e w a s r a i s e d t o t h e h e i g h t of t h e t o p of t h e 
f u e l . 
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TABIi XXIV. Rextor Instrument Responses lo 1.5-D 124sb Source, (or Various Rextor Configurations 

Instrument 
No. 

4a 

(b 

AARR 1 
location V 
BF3 J 

Units 

cpm 
cprn 
A 
A 
A 
A 
A 

cpm 

1.5-CI Source 
In. N0H2O 

9.5 « lO' 
1.8 < ID* 
0.78« W ' " 
0.16« 10"'" 
0.15» 10""' 
0.71 X 10-' 

3618 t n 

Both 
Sources In 

1.2 «105 
2.0 > 10* 
0.78« 10"'° 
a M i W ' " 
017 110"'" 
0,72 X W ' 

4074 1 2» 

Blades 1 and 2 
Raised 

1,4 i l05 
2 7 X 10* 
1,1 xlO"l" 
0.53x10"'" 
0,3 X 10"'" 
075x10- ' 

5121 1 » 

H2O 
Raised 

4 5 X 105 
4 5 X 10* 
2,5 I 10-1" 
1,15x10"'" 
048 X 10"'" 
1,35x10-' 

16.3 t 14* 
IBackground • 3 - Smi 

Blades 8. 10. 
and 12Lett In 

58xl05 
85 X 105 
95x10- '" 

105 I 10"'" 
5 4 X 10"l" 
H x l O - ' 

273 1 2» 

Blade 12 
Raised 25 cm 

7 7 I 105 
13x10* 

130x10-'" 
17,0x10-'" 
8.2 I 10-1" 
2-2 X 10"' 
4 8 x 1 0 - " 

447 1 2» 

DM 
Startup Source 

Withdrawn 

78 i l 0 5 
13 X 10* 

11 5 I 10"'" 
142 X 10"'" 
7 5 X 1 0 ' " 
2 071 10-' 
4 0 1 1 0 " " 

377 t n 

'Channel 4 was instrumeni nearest old startup source, as shown in Fiq. 1. 
^Channel 6 was instrument nearest special source, as shown in Fig. 1. 
NOTL The multiplication (actor k^u was estimated to be 0.90 with 10 blades fully inserted, and 0.993 with blades No. 8 and 10 inserted fully 

but No, 12 raised 25 cm. 

TABLE XXV. Reactor I nstrument Response as -1.5-CI l^^Sb Source Was Raised from Midplane 

Instrument 
No, 

Old 
Startup Source 

Withdrawn 
1.5-Ci Source 
Raised 3 in 

1.5-Ci Source 
Raised 6 in 

1.5-Ci Source 
Raised 9 in. 

14 
2» 
3 
4 
S 
6 

AARR 1 
location, t 
6F3 J 
Relative 

6F3 rate 
AARR location 

Relative 
average for 
four Instruments^ 

cpm 
cpm 
A 
A 
A 
A 

cpm 

7.8 x l O * 
1.3 x lOt" 

115 x l O l O ' 
M.2 x l O - 1 * 
7.5 X 10-10'' 
2.07 X l O - ' ' 

377 t nt' 

LOO 

I.OO 

6.0 xlO^ 
1 1 I 10* 

108 X 10-1" 
133 I 10-1" 
6,9 X 10"'" 
1,85 X 10-' 

350 i 2* 

a«3 

0.92 

4.9x105 
8.8xlo5 
9 0 x 10-'" 

106 X 10-1" 
6 0 x 1 0 - ' " 
1 4 x 1 0 - ' 

213 J 2» 

a75 

a 76 

3.0 I \tfi 
55 X lO* 
58 I 10-'" 
6 8 I 10-'" 
3 ! I 10"'" 
0 8 3 x 1 0 - ' 

178 1 » 

0.47 

0.47 

*The detectors for channels 1 and 2 were located far from Ihe source twl atiove the beryllium, roughly 10 In, above the midplane 
of the reactor, 

"from last column of Table XXIV, 
'^Channel 7 was omitted because It was iKated near the source and higher than the source (resting on channel 3 detectorl, 
NOTE: Reactor configuration was not changed during this experiment, excep* by raising (he source from Its Initial midplane position. 

The thermal flux at the BF3 detector was estimated to be about 
0.015 n / cmVsec per curie of '̂ *Sb positioned at the midplane as described 
above, and with k^jj = 0.9. Extrapolating to AARR startup conditions 
indicated that a 1000-Ci '"Sb source would produce about 1/2 W of reactor 
power and -9000 cpm response in the BFj detector, at the same reactivity 
level. 

Following the experiments with the 1.5-Ci source in the vertical 
tube, it was used as a replacement for the old startup source. This per 
mitted a measurement of instrument response versus radial position of 
the source. Unfortunately, the AARR BF3 type detector had been removed, 
but the correlation with other instruments should be adequate. Table XXVI 
summar izes these measurements . Figures 1 and 2 show the geometry of 
the startup source mechanism. 



TABLE XXVI. Instrumeni Response vs Radial Position ol Source 

Source-( 

min 

0.00 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.U 

Jriven 

Cum.. 
min 

0.00 
0.05 
0.10 
0.15 
0.20 
0.Z5 
0.30 
0.96 

IntendeiJ^ Probablea 

Fully Inserted 
3.5 3.2 
7.1 M 

10.6 9.5 
14.1 12.7 
17.7 16.0 
21.3 19.1 

Fully withdrawn 66 
Fully inserted 

Ctiannel 1 

cpm 

75,166 
55,292 
30,159 
9,598 
3.344 
1.506 

700 
6 

74.789 

Meter, 
lO^cpm 

1.1 
0.95 
0,50 
0.14 
0.04 
0.02 
0.X7 
0.001 
1.4 

Ctiannel 2 

Scaler. 
cpm 

128,940 
88,506 
44,663 
13,663 
4.350 
2.018 

924 
19.5 

128,214 

Meter. 
10* cpm 

8.5 
6.0 
2.75 
0.3 
0.3 
0.1 
0.01 
0.01 
9.0 

Channel 3, 
10-11 A 

6.2 
4.1 
2.05 
0.6 
0.2 
0.08 
0.06 
0.00 
6.3 

Channel 4, 
10-10 A 

6.05 
5.5 
3.95 
1.55 
0.65 
0.34 
0.2 
0.002 
6.0 

Ctiannel 5, 
10-10 A 

2.0 
1.1 
0.8 
0.3 
0.14 
0.1 
0.01 
0.01 
1.8 

Channel 6, 
10-10 A 

3.1 
3.0 
2.25 
1.0 
0.49 
0.29 
0.15 
0.01 
3.1 

Channel 7, 
10-11 A 

1.1 

0.7 

0,3 
0.1 
1.5 

Normalized 
Average, 
land 2 
Scalers 

1.00 

0.008 

Normalized 
Average, 

1.00 

0.016 

^Source location was estimated on the basis ol timed Intervals driven. There was no position indicator other than in-limit and oul-llmit lights, and the distance traveled 
between Ihem was 66 in 

C. Radial Flux Perturbation near Beam Tubes (Measured in Assembly 4b) 

Unavoidable leakage of neutrons from beam tubes resul ts in increased 
radiation exposure locally of components through which these tubes pass . 
A number of t raverses were made using a traveling BF3 neutron counter to 
indicate the neutron distribution in the water near a 10.2-cm-square beam 
tube and other components perturbing the flux. Figure 72 shows the geom
etry of the region. The beam tube, when present, was a tangential one that 
passed completely through the beryllium reflector; both the retracted and 
extended positions are indicated. The traveling BF3 counter could t raverse 
the area shown and could also be raised and lowered by remote control. 
The piece of armor plate and the aluminum block that mocked up a portion 
of the reactor shroud were present for some of the experiments, as 
mentioned below. 

The upper curve of Fig. 7 3 shows the count rate along a Y-direction 
traverse which passed close by the two aluminum braces (1.27 x 6.35 cm) 
attached to the 0.64-cm-thick aluminum retainer for the reflector blocks. 
The lower curve was made under identical conditions, except that the braces 
were removed. The twin peaks of the upper curve were attributed to 
streaming of neutrons through the braces, which nearly doubled the count 
rate in comparison to the unperturbed t raverse . 

A perturbation near the beam tube is observable in Figs. 73 and 74. 
These t raverses were made in planes above or below the beam tube, which 
was located at the midplane of the core (Z = 0). The beam tube was 
retracted during these t raverses , with the portion inside the beryllium 
reflector filled with beryllium blocks. Filling was only about 80% complete 
because the selection of filler blocks was limited. 

Traverses in the vertical (Z) direction are given in Figs. 75 and 76. 
The t raverse at 67-cm radius intersects at the center t raverses of Figs . 73 
and 74. The t raverse at 135-cm radius_(Fig. 76) was just outside the 
armor plate, which was 70 cm high, 91 cm wide, and 11.4 cm thick. The 
armor plate roughly simulated a sector of 244-cm-ID pressure vessel . The 
shift downward in the peak flux indicated by Fig. 76 was attributed to leakage 
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112-9006 Rev. 1 

Fig. 72. Top View of AARR Critical Core with Mockup of Shroud. Pressure Vessel and Beam Tube 
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T^y 
BE-FILLED BEAM 
TUBE (RETRACTED) 

I ' M 

RUN 5 0 - i o e 
(BRACES IN PLACE) 

I . I 1 . 1 , 1 , 1 

I ' I ' I ' I ' I 

BE-FILLED BEAM 
^TUBE{RETRACTED) 

I , • I , 

DISTANCE FROM CENTER,cm 

112-8985 Rev. 1 

Fig. 73. Effect of Aluminum Braces 
on Flux Distribution 

4 0 30 20 10 0 10 20 30 
DISTANCE FROM CEPtfTEH. Cm 

112-8981 

Fig. 74. Traverse in Plane above 
Beam Tube 

to* 

0 7 i4 Zi ze » 4Z 49 96 
DISTANCE FROM MIDPLANE. Cm 

112-8989 

Fig. 75. Vertical Traverse at Radiu 
of 67 cm 

I ' I 

WATER L E V E L ^ 

0 2 0 4 0 6 0 e o 

DISTANCE FROM MIDPLANE, cm 

112-8987 Rev. 1 

Fig. 76. Vertical Traverse behind 
Armor Plate 



91 

of neutrons streaming along the 1.27-cm-thick base plate which supported 
core, reflector, shroud, and a rmor plate. Another flux distortion was from 
room-sca t te red neutrons, which caused the observed r ise in count rate as 
the counter ennerged from the water . Room-scat tered neutrons resulted 
mostly from leakage through the nuclear- ins t rument thimbles, which are 
designated by Roman numerals in Fig. 1. The water level was raised an 
additional 90 cm during subsequent experiments, to reduce the leakage of 
neutrons into the reactor room and to further shield the regions being 
t raversed. 

Figures 74, 75, and 77 show t raverses taken before installation of 
the aluminum shroud sector, and the effect of this 45.7 x 45.7 by 20.3-cm-
thick aluminum slab is shown by the curves of Figs . 78 and 79 labeled 
Run 50-114. 

Figures 78 and 79 also show the effect of extending and partially 
voiding the through tube to provide a 10.1 x 10.1-cm-square tangential 
beam tube. A convenient aspect of the t raverse at x = 79.3 cm is the flat 
(within a few percent) portion extending from the beam tube to about 37 cm 
away. This made it feasible to plot Fig. 80 as a family of curves starting 
at approximately the same flux level, when traversing in the x direction 
rather than the y direction. 

I ' I ' I ' I ' I ' I ' I 
BE-FILLEDBEAM 
TUBE [RETRACTED) 

J_ 

K • 6 7 . 0 c m OR BZ Ocm 
y PtOTTED 
Z • * I0 i c m 

I , I 
40 30 

112-8983 Rev. 1 

Fig. 77. Traverses before Installation of 
Aluminum Shroud 

20 10 0 to 
DISTANCE FROM CENTER, an 

Fig. 78. Close-in Effect of Extending 
Beam Tube 
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I ' I ' I ' I 

Fig. 79 

Effect of Extending Beam Tube 

DISTANCE FROM CENTER, c 112-8984 Rev. 1 

T h e t r a v e r s e s of F i g . 79 (x = 

82 c m ) i n d i c a t e t h a t t h e b e a m t u b e i s 

a m a j o r s o u r c e of t h e n e u t r o n s d e 

t e c t e d in t h i s v i c i n i t y . T h e p e r t u r 

b a t i o n i s n o t i c e a b l e i n t h i s t r a v e r s e 

a s f a r a s a p p r o x i m a t e l y 4 0 c m f r o m 

t h e b e a m t u b e . 

T h e t r a v e r s e s of F i g . 80 w e r e 
i n t h e m i d p l a n e (Z = 0 .0 ) p a r a l l e l t o 
t h e b e a m t u b e . F i v e t r a v e r s e s a t 
2 7 - 3 7 c m f r o m t h e t u b e a r e a p p r o x i 
m a t e d b y a s m o o t h e d c u r v e s i n c e 
t h e y w e r e t h e s a m e w i t h i n a few p e r 
c e n t . T h e t r a v e r s e s t a k e n n e a r e r 
to t h e b e a m t u b e t h a n 27 c m f o r m e d 
a f a m i l y of c u r v e s b r a n c h i n g off t h e 
s m o o t h e d c u r v e . T r a v e r s e s t a k e n 
f a r t h e r t h a n 37 c m f r o m t h e b e a m 
t u b e d i v e r g e d f r o m t h e p a t t e r n s h o w n 
i n F i g . 80 , a p p a r e n t l y b e c a u s e : 

1. The flux at the s t a r t i n g 

point was no longer c o n s i s t a n t . 

2. The t r a v e r s e di rect ion was 

not iceably off the r a d i a l d i r e c t i o n . 

3. The edge of the a luminum 

s lab was nea r enough to affect the 

flux d i s t r i bu t ion in that d i r e c t i o n . 
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Fig. 80. Traverses Parallel to Extended 
Beam Tube in Midplane 
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The data presented here are sufficient for estimation of flux per tu r 
bations around beam tubes of the geometry tested. Because of the strong 
dependence on details of geometry, the resul ts shown here should be used 
with caution in relating to other situations. 
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Vm. BEAM-TUBE YIELDS, REACTIVITY REQUIREMENTS, 
AND INTERACTIONS 

A. Introduction 

The horizontal beam tubes of AARR were planned to extract thermal-
energy neutrons from the beryllium radial reflector. The epithermal and 
fast-neutron energy components of the emerging beam are generally 
objectionable and should be minimized to avoid radiation damage and 
competing reactions in samples. The fast flux also causes high background 
levels, which require added shielding in the vicinity of experimental equip
ment. Consequently, the thermal-neutron yields of the beam tubes should 
be maximized, but the relative epithermal and fast yields should be mini
mized insofar as is feasible. Section XI.D shows the resul ts of m e a s u r e 
ments of the fast-neutron distribution from a beam tube. 

The reactivity loss from beam-tube installation was measured, to 
ass is t in estimating the core composition of AARR which would provide the 
desired reactivity margins. Differential measurements were made which 
indicate the relationship between beam-tube yields and reactivity r equ i re 
ments. The reactivity effect of flooding beam tubes with water was 
measured to aid in estimation of the safety hazard inherent in accidental 
flooding. The interaction of adjacent beam tubes was also measured in 
terms of the effect on their yields. 

B. Yield and Reactivity Measurements with Horizontal Beam Tube 

1. Description of Beam Tubes 

The 10.16-cm (outside dimensions) square beam tubes were 
manufactured for slip fit in the beryllium reflector, which consisted of 
closely packed beryllium blocks sized in 5.08-cm modules. The beam 
tubes were formed by bending and welding 0.318-cm ( l /8- in . ) thick 
aluminum sheet stock. The four corners were formed by bending to 
~0.3-cm (inside) radius. The welded edges formed a seam centered 
along one side of each tube. The weld beads were dressed down, even 
with the surfaces of the aluminum. One end of each radial tube was closed 
by welding an 0.318-cm-thick aluminum plate into the end of the tube. 

Flanged ends were welded to the open ends of the beam tubes, 
and watertight closures were provided by the use of O-rings between the 
removable end caps and the welded flanges. Standpipes, or r i s e r s , were 
threaded into some of the end caps for entrance of control wiring, cords, 
radiation-detector cables, etc. Extra sections were provided which were 
used to lengthen the beam tubes as necessary, without the difficulty of 
replacing the entire tube. 
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The b e r y l l i u m f i l l e r s i n s t a l l e d in the b e a m tubes w e r e a s s e m b l e d 
f r o m a v a i l a b l e p i e c e s , l eav ing f a i r l y l a r g e c l e a r a n c e s , of n e c e s s i t y . The 
f i l l e r s a m o u n t e d to - 8 1 % of the v o l u m e of b e r y l l i u m r e m o v e d in i n s t a l l i ng 
the 1 0 . 1 6 - c m - s q u a r e b e a m t u b e s . T h u s , wi th in the b e r y l l i u m r e f l e c t o r 
r e g i o n the b e a m t u b e s could be f i l led to the ex t en t t ha t 8 1 % of t h e i r vo lume 
w a s b e r y l l i u m , 12% w a s the alunninum m a k i n g up the tube w a l l s , and ~7% 
was void . Dur ing s o m e e x p e r i m e n t s r e q u i r i n g r e p o s i t i o n i n g of the f i l l e r in 
the t h r o u g h tube, an add i t i ona l s t r i p of a l u m i n u m was often i n s e r t e d u n d e r 
n e a t h the b e r y l l i u m f i l l e r for a t t a c h m e n t to a r e m o t e - c o n t r o l l e d d r i v e m o t o r . 

The 1 5 . 2 - c m (6 - in . ) s q u a r e b e a m tubes w e r e of s i m i l a r c o n 
s t r u c t i o n to that of the 1 0 . 1 6 - c m t u b e s . 

F i g u r e 81 shows the in i t i a l l oca t i ons of the 10 .16-cm (4- in . ) 
s q u a r e b e a m t u b e s . 

112-9158 
Fig. 81. Initial Installation of Beam Tubes 
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2. F o i l Ac t iva t ion M e a s u r e m e n t s in B e a m Tubes 

S e v e r a l ac t iva t ion t r a v e r s e s w e r e m a d e to i nd i ca t e the effect 
of b e a m tubes on the r a d i a l flux d i s t r i b u t i o n , when the b e a m tubes a r e vo ided 
or fil led with b e r y l l i u m . T h e s e t r a v e r s e s w e r e taken in A s s e m b l y 3 and 
w e r e d i s c u s s e d in Sect ion V .C .4 , with foil l oca t ions a s shown in F i g s . 33 and 
34, and t r a v e r s e s in F i g s . 35 -37 . F i g u r e 82 shows the b e r y l l i u m f i l l e r l o 
ca t ions dur ing t he se m e a s u r e m e n t s . 

112-5748 

Fig. 82. Positions of Beam Tubes and Beryllium Fillers 

B a r e and c a d m i u m - c o v e r e d ind ium ac t iva t ion m e a s u r e n n e n t s 
w e r e m a d e with i n t e r c h a n g e a b l e c o l l i m a t o r s in p l a c e , and with and wi thout 
2 . 5 4 - c m (1-in.) thick Luc i te p lugs s e r v i n g a s s o u r c e p l a n e s . The s ign i f i 
cance of Luci te in this pos i t ion is d i s c u s s e d in P a r t 4 of this s ec t ion of the 
r e p o r t . F i g u r e 83 shows the c o l l i m a t o r s and the pos i t i ons of the indium fo i l s . 
The coUinaated y ie lds w e r e m e a s u r e d for s e v e r a l p o s i t i o n s of the b e a m 
tube . With the r ad i a l tube in a fixed pos i t i on , the ind ica ted a m o u n t s of 
b e r y l l i u m a n d / o r Luc i te w e r e p laced ins ide the tube , a t the t ip n e a r e s t the 
fuel r eg ion . The c o l l i m a t o r g e o m e t r y was such that the subcadnnium foil 
a c t i v i t i e s should be p r o p o r t i o n a l to the l eakage c u r r e n t of t h e r m a l n e u t r o n s 
f rom the s o u r c e p lanes with ha rd ly any dependence on the s m a l l changes in 
d i s t a n c e be tween s o u r c e p lanes and fo i l s . On the o the r hand , the t angen t i a l 
tube was moved a s a unit dur ing t he se m e a s u r e m e n t s , the d i s t a n c e be tween 
sou rce p l anes and foils being fixed. The length of the t angen t i a l tube was 
sufficient so that the e n t i r e tube, including i ts c o n t e n t s , was r e p o s i t i o n e d 
a s needed . 
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F i g u r e 84 shows the s u b c a d m i u m ind ium a c t i v a t i o n s . A b r o a d 

peak was obta ined in the t angen t i a l b e a m tube when b e r y l l i u m a lone w a s u s e d 

a s f i l l e r . That peak is a t the s a m e pos i t ion a s the r e f l e c t o r peak shown by 

F i g . 37 in the b e r y l l i u m - f i l l e d t angen t i a l t ube . 
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Fig. 84. Relative Subcadmium Activations with Indium Foils at Ends of Beam Tubes 
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Fig. 85. Indium Cadmium Ratios Using 
Different Beam Tube Geometries 
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water . The reactivity loss accompanying flux peaking in a radial reflector 
region is somewhat more position-dependent than in the ITC; however, the 
qualitative arguments a re the same as in Section IV.D. 

3. Use of BFjCounter inMeasuring Beam-tube Yields in 1 0.16-cm-sq 
Beam Tubes 

Because a number of differential measurements were needed in 
the through tube, the filler was placed on an aluminum str ip which was 
driven by a remotely controlled motor. A short BF3 tube with a preampli
fier attached was inserted into the compound collimator. The r i se r and 
flange were covered with cadmium. As with the indium foils, the geometry 
was intended to yield a measurement of neutron leakage from the source 
plane. With an extended beam tube, the blocks of Lucite and/or beryllium 
filler could be drawn beyond the far edge of the beryllium reflector, so that 
the through-tube walls began to appear in the field of view of the BF, detec
tor. The count rate dropped to about 8% of the peak level as the mater ia l 
reached its farthest position. It is thought that effectively all the BFj count 
rate was from neutrons that emerged from the surface of the filler, unless 
the filler was as far away as the farther corner of the fuel region. 

PENETRATION INTO REFLECTOR, tn ^Tl.^ . . - , . . , . , . » ^ » . . fr ^..—..^ nf T r ; « Qi. 

I h e u p p e r m o s t c u r v e 01 r i g . oo 
shows the BF3 count r a t e t aken a s a 12 - in . -
long b e r y l l i u m f i l l e r was shif ted f a r t h e r away 
f r o m the d e t e c t o r , thus ef fect ively deepen ing 
the p e n e t r a t i o n into the b e r y l l i u m r e f l e c t o r . 
F i g u r e 87 shows the in i t i a l pos i t ion of the 
f i l l e r . This c u r v e is thought to i n d i c a t e the 
c o U i m a t e d y ie lds of t a n g e n t i a l b e a m t u b e s , 
the t ips o f w h i c h a r e p o s i t i o n e d a t the i nd i ca t ed 
p o i n t s . The second c u r v e is the m a n g a n e s e 
a c t i v a t i o n t r a v e r s e of F i g . 37, taken wi th 
b e r y l l i u m f i l l e r in the pos i t ion i nd i ca t ed by 
F i g . 82. The m a n g a n e s e t r a v e r s e is r e p r e 
s e n t a t i v e of the flux d i s t r i b u t i o n in the so l id 
b e r y l l i u m r e f l e c t o r , and the s i m i l a r i t y b e 
tween the f i r s t and s e c o n d c u r v e s is r e a d i l y 
ev iden t . The t h i r d c u r v e of F i g . 86 is the 
e p i c a d m i u m B F j count r a t e . This has a 
s t r i k i n g l y d i f fe ren t s lope fronn that of the 
four th c u r v e , which is the e p i c a d m i u m ind ium 
a c t i v a t i o n ob ta ined du r ing the f o i l - a c t i v a t i o n 

m e a s u r e m e n t s (VIII .B.2) . The d i f f e r ence is a t t r i b u t e d to the r e s o n a n c e 
a c t i v a t i o n of i n d i u m , which is add i t i ve to the l / v a c t i v a t i o n . The l owes t c u r v e 
shown in F i g . 86 is the c o r r e s p o n d i n g c u r v e f r o m F i g . 84 for s u b c a d m i u m 
i n d i u m a c t i v a t i o n . The a g r e e m e n t i s s a t i s f a c t o r y b e t w e e n s u b c a d m i u m 
i n d i u m a c t i v a t i o n and s u b c a d m i u m BF3 count r a t e (not shown) . 

112-6139 
Fig. 86. Tangential Beam Tube: Rela

tive Yield vs Peneuation into 
Beryllium Reflector 
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Fig. 87 

Tangential Beam Tube: Relative Yield vs 
Penetration, into Reflector with Lucite Tip 
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113-1288 Rev. 1 
Fig. 88. Initial Configuration for Relative 

Yield Measurements 
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plates as indicated by Fig. 89, the BFj count rate was recorded as a function 
of Lucite slab thickness. The experiment involved repetitively reading the 
BF3 count rate as cumulative thicknesses of Lucite were raised into the 
field viewed through the coll imator. The resulting yield curve is given in 
Fig. 90, which shows a maximum of about 8% improvement in yield with a 
2.5-cm (1-in.) thickness of Lucite. 

ALL DIMENSION IN INCHES 

112-8817 

Fig. 89. Arrangement for Measuring Yields, with Lucite at the Tip of a Beam Tube 
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Fig. 90. Relative Neutron Yield as a Function of Lucite Slab Thickness 
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Since AARR beam tubes will be rounded off at the tip, the sur 
rounding water space will be dished rather than slab-shaped. A crude test 
of dished geometry was carr ied out by inserting one and both of a pair of 
nested plastic boxes into the beam tube in place of the slabs indicated by 
Fig. 89. The larger box was 9.2 x 9.2 x 9.2 cm (outside dimensions) with 
one side left open. The walls were made of 0.63-cm ( l /4- in . ) thick Plexiglas 
or Lucite. The smaller box was of similar construction and was dimensioned 
for slip-fit into the larger . The open ends of the boxes were always turned 
toward the collimator. The collimator was known to discriminate strongly 
against neutrons scattered from the sidewalls of the plastic boxes, which 
were outside the field of view defined by the collimator. 

The larger box increased the count rate by approximately 16%, 
and the nested pair of boxes by approximately 22%, above the level found with 
beryllium alone at the tip of a simulated tangential beam tube. 

The 0.63-cm-thick (larger) box mcreased the neutron yield by 
about 0.06% per gram, and the nested pair (1.27-cm-thick box) by about 0.05% 
per gram. In comparison, a 1.09-cm-thick slab resulted in a 0.04% in
crease in yield, per gram of plastic. E r r o r s during the slab measurements 
were thought to be much less than with the nested boxes because the slabs 
were positioned remotely without interrupting reactor operation. Typical 
slab data were taken during a single run and within a span of about 2 hr , dur
ing which only minor reactivity adjustments were necessary because of the 
worths of the plastic pieces that were moved about. On the other hand, it 
was necessary to take a reference run before loading a box. Following this, 
the reactor was shut down, the box was inserted in the beam tube, and the 
reactor was started up again to measure the increased yield. 

These experiments indicate that about 20% increase in the yields 
of beam tubes is obtainable by the judicious use of hydrogenous mater ia l at 
the tip. It is hoped that as much as another 30% increase in yield might be 
obtainable by some nonuniform distribution of the hydrogenous mater ia l . 
Indications of this magnitude were found during early tests of remote methods 
for positioning plastic inside the beam tubes. The positioning methods were 
unreliable, and the results were not reproduced. One possible explanation 
is that some unknown geometry occurred which is much better than those 
known geometries reported to date. Geometries that should be tried in any 
future experimentation of this nature include tapered rather than slab-
shaped plastic liners and particularly should provide arrangements per 
mitting use of different thicknesses of plastic along different sides of the 
beam tube. The plastic slabs resting on the bottom of the beam tube (as 
shown by Fig. 89) do not affect yields significantly until raised into upright 
positions. This suggests that the vertical walls of the plastic boxes may 
be the effective portions, and that the horizontal walls may be much less ef
fective than the vertical walls. 
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The maximum yield with the plastic boxes at the tip of the beam 
tube occurred with about 4 cm deeper penetration into the beryllium reflec
tor than with the plastic s labs . 

Numerous improvements were suggested in regard to the work 
with horizontal beam tubes. The suitability of plastic in simulating water 
was tested in a vert ical beam tube as described in Section VIII.C. For 
greater accuracy, the hydrogenous mater ia l might have been outside rather 
than inside the beam tube. Because the BF, counter preamplifier failed 
during these experiments , some of the data had to be discarded. Small 
e r r o r s in reproducing geometry from one measurement to another may have 
caused most of the occasional poor reproducibility found during the yield 
nneasurements. If this is the cause, then beam-tube design may require 
closer tolerances than would be expected from the data given here , to en
sure that yields a re reasonably near the maximum obtainable. 

5. Reactivity Losses Associated with Beam Tubes 

a. Integral-worth Measurements . The installation of three 
empty beam tubes, located as shown by Fig. 82, in Assembly No. 3 caused 
a reactivity loss of 1.3%. Insertion of beryllium filler, restoring 81% of the 
beryllium volume removed for the beam-tube installation, recovered 1.0% 
in reactivity. This was almost proportional to the volumes involved. How
ever, removal of the fillers from one beam tube at a time gave losses of 
0.08, 0.2, and 0.6% sequentially for beam tubes No. 1, 2, and 3 in Fig. 82. 
Since tube No. 2 was far enough removed from tubes No. 1 and 3 to be free 
of interact ions, it appears that interaction between tubes No. 1 and 3 nnust 
account for the failure of individual filler wc^rths to add up to the worth of 
all three combined. 

Rough measurements in Assembly 4a indicated that the 
combined reactivity worth of empty tubes No. 2 and 3 in Fig. 82 was about 
0.78%, which was not significantly different from the individual worths 
measured in Assembly 3 for those tubes. 

Measurement of the same tube worths in Assembly 5 gave 
a combined reactivity worth of 0.52%, which is roughly two-thirds as great 
as in Assemblies 3 and 4a. 

Installation of a single large through tube 15.2 x 15.2 cm 
(6x6 in.) in c ross section in Assembly 5, adjacent to the fuel zone as shown 
for tube 3, reduced reactivity by 1.14%. The reactivity ratio between the 
empty large and small through tubes was est imated to be 2.7, compared to 
a volume ratio of 2.3, when the tubes were installed adjacent to the fuel 
zone. Insertion of beryll ium filler into the large through tube recovered 
0.98 ± 0.0067o in reactivity, which again is nearly proportional to the volume 
of beryl l ium res tored . This reactivity measurement was incidental to other 
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e x p e r i m e n t s . The f i l l e r vo lume w a s e s t i m a t e d to be about 88% of the 
vo lume of b e r y l l i u m r e m o v e d dur ing i n s t a l l a t i o n of the l a r g e t h rough tube . 

A c rude m e a s u r e m e n t of the r e a c t i v i t y of the l a r g e r a d i a l 
th rough tube was ob ta ined when the tube was r e p o s i t i o n e d so that 10.16 c m 
of b e r y l l i u m was be tween the tube and the fuel r e g i o n . The w o r t h w a s 
m e a s u r e d to be 0.28 ± 0.05%i h o w e v e r , the r e f e r e n c e cond i t i ons w e r e 
s o m e w h a t o b s c u r e d by a p r e c e d i n g t e n n p e r a t u r e - c o e f f i c i e n t m e a s u r e m e n t , 
and the ±0.05% range of e r r o r m a y be q u e s t i o n a b l e . 

PENETRATION INTO BERYLLIUM, 

52 0 3 0 

I ' I T T 

.1 i I 

b . D i f f e r e n t i a l - w o r t h M e a s u r e -
m e n t s . M e a s u r e m e n t s w e r e m a d e in the 
1 0 . 1 6 - c m - s q u a r e b e a m tubes to i nd i ca t e 
the s p a t i a l - r e a c t i v i t y effects of v a r i o u s 
f i l l e r s . Mos t of the i n c r e m e n t a l m e a s u r e 
m e n t s w e r e m a d e in A s s e m b l y 3 us ing the 
t h r o u g h - t u b e p o s i t i o n s i nd i ca t ed by F i g . 82 
or 92. F i g u r e 91 shows the r e a c t i v i t y l o s s 
as the n o r m a l b e r y l l i u m f i l l e r of the th rough 
tube (shown by F i g . 82 a s tube No. 3) w a s 
w i thd rawn toward one end. The i n t e g r a l 
wor th of this f i l le r was m e a s u r e d a t 0.6%. 
The m o r e a c c u r a t e i n c r e m e n t a l m e a s u r e 
m e n t s shown by F ig . 91 r e a c h about 0.31 
or 0.32% for the h a l f - w i t h d r a w n f i l l e r . This 
ind ica ted l i t t l e or no a s y m m e t r y and is con

s i s t e n t with m e a s u r e m e n t s in the v e r t i c a l d i r e c t i o n which ind ica te tha t i n t e r 
ac t i ons f r o m void r eg ions a r e ha rd ly d e t e c t a b l e a t d i s t a n c e s g r e a t e r than 10 c m 
away f r o m l O x l O - c m b e a m tube . The i n t e r a c t i o n s ex tend m u c h f a r t h e r in the 
r a d i a l d i r e c t i o n , a s shown in C h a p t e r VII, and in Sec t ion E of th is c h a p t e r . 

F i g u r e 94 or 95 shows the r e a c t i v i t y effects of t r a v e r s i n g 
a 3 0 . 5 - c m - l o n g b e r y l l i u m plug or a 1 0 . 1 6 - c m - l o n g p l a s t i c plug along the 
empty through tube s t a r t i n g with the g e o m e t r y shown by F ig . 92 or 9 3 . The 

112-6140 Rev. 1 

Fig. 91. Reactivity Loss vs Depth of 
Beam-tube Penetration into 
Beryllium Reflector 
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113-1224 

Fig. 92. Through-tube Configuration for 
Measuring Reactivity Worth of 
12-in.-long Beryllium Plug 

ALL DIMENSIONS 

Fig. 93. Through-tube Configuration for 
Measuring Reactivity Worth of 
4-in.-long Lucite Plug 
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DISTANCE FROM CENTER LINE OF CORE TO FACE OF PLUG. 

113-1586 Rev. 1 

Fig. 94. Reacdvity Worth of 12-in.-long Beryllium Plug along Through Tube 
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Fig. 95. Reactivity Effect of 4-in.-long Lucile Insert in Through Tube 

po in t s shown would have been p lo t ted 6 or 2 in. to the r igh t if the p lo t s w e r e 
for the p o s i t i o n s of the c e n t e r s r a t h e r than the l e f t -hand faces of the p lugs 
a s shown. 

C. E x p e r i m e n t s wi th a V e r t i c a l B e a m Tube 

E x p e r i n n e n t s w e r e p e r f o r m e d in a v e r t i c a l beann tube p o s i t i o n e d a s 
i nd i ca t ed by F i g . 96 . The v e r t i c a l tube was u s e d to c o n f i r m r e s u l t s ob ta ined 
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wi th the h o r i z o n t a l a s s e m b l y shown by F i g . 85 , p a r t l y to p e r m i t u s e of 
w a t e r for c o m p a r i s o n with p l a s t i c , and p a r t l y to avoid any diff iculty wi th 
unneeded m a t e r i a l p r e s e n t in the tube dur ing the r e f e r e n c e m e a s u r e n n e n t . 
This e x p e r i m e n t avoided any "wal l ef fec t ." W a t e r was in jec ted i n c r e 
m e n t a l l y into the v e r t i c a l tube , and the r e s u l t i n g dep ths a r e p lo t ted a g a i n s t 
m e a s u r e d BF3 count r a t e s . A c o m p a r i s o n of the y ie ld wi th a Luc i t e s l a b 
r a t h e r than w a t e r was a l s o m a d e in the v e r t i c a l tube , a s p lo t t ed in F i g . 97. 

PROPORTiONAL COUNTER ^ 

COMPOUND COLLIMATOR^ 

\ 
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_L 
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PLANE ^ 

SECTION A-A 

Fig. 96 

Arrangement for Measuring Yields, 
with Adjustable Water Depth in a 
Vertical Beam Tube 
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Fig. 97. Relative Neutron Yield as a Function of Lucite or Water 
Thickness in a Vertical Beam Tube 

W i t h i n t h e a c c u r a c y of t h e m e a s u r e m e n t , L u c i t e d u p l i c a t e d t h e ef 

f e c t of w a t e r , a l t h o u g h i t w a s e x p e c t e d t h a t t h e m e a s u r e d p o i n t w o u l d f a l l 

b e l o w r a t h e r t h a n a b o v e t h e l i n e b e c a u s e of t h e l o w e r h y d r o g e n d e n s i t y i n 
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Lucite (84% of the hydrogen density of water) . The peaks of the curves ap
pear to be of equal height and to occur at very nearly the sanne thickness of 
mater ia l if F igs . 90 and 97 are compared. 

D. Effects of Flooding Beam Tubes 

Fear of a reactivity gain accompanying beam-tube leakage made it 
necessary to measure the reactivity effects of flooding. This was done with 
the 10.16-cm-square beam tubes installed in the positions shown by Fig. 82, 
in Assembly 3. Measurements were based on cri t ical control-blade con
figurations during consecutive runs, with the beam tubes empty or flooded 
with water . 

Although a very slight gain in reactivity was indicated to result from 
flooding radial tube No. 2, the amount was negligible and fell within the range 
of e r r o r of such measurements . 

The reactivity loss measured when the through tube (No. 3) was 
flooded was -0.2% Comparison of this value with that estimated from the 
t raverse with a Lucite plug (Fig. 95) indicated a significant annount of self-
shielding when the beam tube was filled by water. After the lower hydrogen 
density and the volume of the Lucite were accounted for, the average reac
tivity worth of hydrogen was relatively about 50% greater in the 10-cm-square 
Lucite plug than in the completely flooded tube. Negligible effects of this 
sort were found with beryllium or void, as reported in Section B.5 of this 
chapter. 

These measurements indicate that lijtle or no reactivity effect would 
be noted if coolant in a radial tube were drained or if inleakage filled the 
tube, provided that the water volume is reasonably uniformly distributed 
along the portion of the tube inside the beryllium reflector From Fig. 95, 
it seems likely that some similar curve applies to radial tubes and that 
lumped moderator can be introduced or removed to either increase or de
crease reactivity. With these tubes, any drast ic reactivity change result 
could probably not be achieved; however, the AARR design may not have 
placed beam tubes close enough to the fuel region so that any of the negative 
portion of Fig. 95 will apply. 

E. Beam-tube Interaction Experiments 

The interactions between beam tubes were measured typically by 
nnoving a beryl l ium filler plug along a through tube, simulating the installa
tion of a tangential tube in the beryll ium reflector. The yield from a second 
tube was measured using a coUimated BF3 detector to determine any detect
able change in yield caused by movement of the filler. The filler had only 
81% as large cross-sec t ional area as the opening required for installation of 
each tube in the beryll ium reflector. The interactions a re likely to have been 
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p a r a l l e l b e a m tubes s e p a r a t e d v e r t i c a l l y by 
5.08 and 10.16 c m (2 and 4 in.) of b e r y l l i u m 
a s ind ica ted by F i g . 98 for t h r e e s e p a r a t e 
a r r a n g e m e n t s l abe l ed C a s e s 1, 2, and 3. 
F i g u r e s 99 and 100 show the p o s i t i o n s of 
the f i l l e r s . Yield m e a s u r e m e n t s w e r e 
a lways m a d e in the tube n e a r e s t the m i d 
p lane , and d i f fe ren t r e s u l t s m i g h t have 
been ob ta ined if the y i e l d s of the uppe r 
tube had been m e a s u r e d . The m o v a b l e 
f i l le r was r e p o s i t i o n e d without shut t ing 
down the r e a c t o r . 

In Case 1, with 10 .16 -cm v e r t i c a l 
s e p a r a t i o n , no d e t e c t a b l e change in y ie ld 
was m e a s u r e d as a r e s u l t of moving the 
b e r y l l i u m f i l le r i n c r e m e n t a l l y f rom 
pos i t ion 1 th rough pos i t ion 2 in the u p p e r 
tube . In C a s e 2, a s m u c h a s 14% d e c r e a s e , 
and in Case 3, as m u c h a s a 9% d e c r e a s e 

in yie ld w e r e m e a s u r e d . C a s e s 1 and 2 r e p r e s e n t typ ica l t angen t i a l b e a m -
tube a r r a n g e m e n t s , and Case 3 r e p r e s e n t s typ ica l t h r o u g h - t u b e i n t e r a c t i o n . 
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Contents in Vertical Inter
action Measurement. Case 3 
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Using the arrangement indicated by Fig. 101, we measured the ef
fect of fillers in the through tube on yields of a radial tube positioned in the 
same horizontal plane. A 30.5-cm (12-in.) long beryllium filler plug was 
t raversed along the through tube. The conditions of the radial tube were: 

1. Void, yielding the highest peak in BF3 count rate shownbyFig. 102. 

2. With 7.6 cm (3 in.) of beryll ium in the tip, yielding the next 
highest peak in BF3 count rate shown. 

3. With 10.16 cm (4 in.) of beryll ium in the tip, showing about 11% 
increase in count rate as the movable beryllium block was centered. 

4. With 7.6 cm (3 in.) of beryllium plus 2.5 cm (1 in.) of Lucite 
facing the collimator. 

The fourth condition resulted in significantly reduced BF3 count rate 
when the movable beryllium block was centered. 

ALL OlMENSiONS IN INCHES 

Fig. 101 

Configurations of Beam-tube Contents 
In Radial Interaction Measurement 
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Fig. 102. Measurement of Radial Interaction between Beam Tubes 
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F . S ta tus of E q u i p m e n t Obta ined for F u t u r e E x p e r i m e n t s 

The long lead tinne n e c e s s a r y for the p r e p a r a t i o n of a b e r y l l i u m 
r e f l e c t o r that would a c c o m m o d a t e a l a r g e n u m b e r of b e a m tubes r e q u i r e d 
the des ign and fab r i ca t ion of a new r e f l e c t o r and a connplete a s s o r t m e n t of 
b e a m tubes whi le e x p e r i m e n t a t i o n was s t i l l in p r o g r e s s us ing the old e q u i p 
m e n t d i s c u s s e d in Sec t ions A - E above . F i g u r e s 103 and 104 show the new 
r e f l e c t o r and b e a m - t u b e a r r a n g e m e n t s . Two h o r i z o n t a l t h r o u g h tubes and 
up to e ight h o r i z o n t a l , t angen t i a l b e a m tubes w e r e p r o v i d e d , each 15.2 c m 
s q u a r e . Nine teen v e r t i c a l i r r a d i a t i o n tubes w e r e inc luded , c o m p l e t e wi th 
s c r e w t ips which would fas ten to the b a s e p la te to p r e c l u d e d i s p l a c e m e n t 
by buoyancy in the s u r r o u n d i n g w a t e r . 

112-9106 Rev. 1 

Fig. 103. Plan View of Proposed R.idial Rcficctor and Beam Tubes 
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The installation of this equipment has been delayed indefinitely by 
the termination of experimentation with the stainless steel core . The cur
rent AARR design, using a HFIR aluminum core, might be accommodated 
by the available equipment at relatively modest cost if this becomes neces
sary. Attempting such a modification did not seem advisable when the AARR 
design was under revision. 

A beam-tube dimension larger than 15.2 cm square was precluded 
by the dimensions of the available beryllium blocks. Since the available 
spaces are filled by the tubes, experiments must generally be installed in
side the tubes rather than in the spaces between the tubes and the beryllium, 
which are no more than needed for a slip fit in this arrangement . The de
sired dimension was nominally a centimeter or two la rger , but no serious 
complication is foreseen in the use of the available size of tube for these 
experiments. 
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IX. EXPERIMENTS WITH CONTROL AND SAFETY BLADES, 
VARIOUS ABSORBERS, AND ^ " u ALUMINUM COUPONS 

A. Introduction 

Effective neutron-absorption cross sections are quite small in the 
AARR stainless steel core because of the high fuel-loading density and the 
resulting very hardened neutron-energy distribution. The dimensions of 
control and safety blades a re limited by the compact nature of a high-flux 
core. Thus the selection of mater ia ls and dimensions of control blades 
and safety blades is very res t r ic ted . Rapid burnup of absorber mater ia ls 
will resul t from the high-flux level in the AARR core and from a proposed 
operating configuration. An operating configuration of control and safety 
blades which resul ts in quick shutdown following a sc ram signal, because 
of the shortened blade travel needed for maximum effect, involves banked 
operation of the control blades and nornnal positioning of the safety-blade 
tips with the tips located roughly even with the top of the fuel. Such an 
operating configuration requires a durable absorber in the control and 
safety blades. Unless the isotopes resulting from capture of neutrons by 
the original absorber are also good absorbers , the control and safety blades 
might have to be changed during each core change because of localized 
burnup. Europium is par t icular ly useful in this respect because the capture 
of neutrons therein does result in isotopes having reasonable absorption 
cross sections, which sustain the worth of the blade. Unfortunately, there 
may be fabrication difficulties or other problems which would determine 
the use of europium control blades for the type of service involved in the 
AARR stainless steel core. 

Experiments included routine calibration of the hafnium control 
blades normally used in the cri t ical experiment, measuring the effects of 
changing aluminum to stainless steel blade followers, changing the thick
ness of control blades, and simulating the attachment of a portion of the 
beryllium reflector to a blade follower to determine the increased worth 
if the beryllium next to the safety blades were designed to drop below the 
fuel region as the safety blades fall following a sc ram signal. 

In addition to control-blade-sized absorbers , there were a number 
of measurements with small coupons of various mate r ia l s . Some of the 
coupons were of graduated thickness, to permit a study of the relative worth 
as a function of the thickness of the mater ia l present . Others were used to 
compare different types of c ross section such as those found in cadmium, 
boron, and resonance absorbers . 
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B. C a l i b r a t i o n s of S t a n d a r d Hafnitim Con t ro l and Safety B l a d e s 

1. S t a n d a r d Blade D i m e n s i o n s and L o c a t i o n s 

The se t of 12 hafnium b l ades o r i g ina l l y ob ta ined for the c r i t i c a l 
e x p e r i m e n t c o n s i s t s of s ing le s h e e t s of hafnium 0.381 ± 0.013 c m (0.150 ± 
0.005 in.) th ick, except w h e r e jo ined to the fo l lower . The jo in t was be low the 
fuel r eg ion when the b lade was fully i n s e r t e d . The lower 3.81 c m (1.5 in . ) of 
e a c h hafnium shee t was cut to 0 . 1 2 7 - c m (0 .05 - in . ) t h i c k n e s s , and a t t a c h e d by 
s c r e w s to a 0 . 2 5 4 - c m (0 .10- in . ) th ick tongue of the b lade fo l lower . The 
tongue of the fol lower was sandwiched be tween the 0 . 1 2 7 - c m - t h i c k hafn ium 
p a r t and an equal t h i cknes s of s t a i n l e s s s t e e l , which m a k e s up the r e m a i n d e r 
of the 0 . 5 0 8 - c m (0 .20- in . ) th ick s t a n d a r d b l a d e . 

The c o n t r o l / s a f e t y - b l a d e p o s i t i o n s 
a r e d e s i g n a t e d by n u m b e r as shown in 
F i g . 105; any two or m o r e up to s i x w e r e 
u s e d as s a f e t i e s . The s ix s a f e t y - b l a d e 
s lo t s as d e s i g n a t e d by AARR d e s i g n a r e 
n u m b e r e d 1 t h rough 6, and the c o n t r o l -
b lade p o s i t i o n s a r e nunnbered 7 t h r o u g h 
12. The s lo t s al l have a t h i c k n e s s of 
0.63 c m (0.25 in . ) . The o r i e n t a t i o n of 
fuel p l a t e s a longs ide the v a r i o u s p o s i t i o n s 
affected the b lade w o r t h s , so that the odd-
n u m b e r e d pos i t i ons w e r e s l igh t ly d i s s i m 
i l a r f rom the e v e n - n u m b e r e d p o s i t i o n s . 
The con t ro l b l ades a r e 1 5 . 2 c m ( 6 in.) wide ; 
the safety b l ades a r e 19 c m (7.5 in.) wide. 
T h u s , b l ades 1, 3, and 5 a r e p o s i t i o n e d 
a l ike and have the s a m e d i m e n s i o n s . 
B lades 2, 4, and 6 a r e p o s i t i o n e d a l ike 
and have the s a m e d i m e n s i o n s as 1, 3 
and 5, but do not have the s a m e a r r a n g e 
men t of fuel in the i r v i c i n i t i e s . B l a d e s 7, 

9, and 11 and b lades 8, 10, and 12 m a k e up o the r s e t s of t h r e e , but a r e not 
as wide as b lades 1 th rough 6. The b lade s u s p e n s i o n is i nd i ca t ed by the 
sec t iona l view of the c r i t i c a l a s s e m b l y , shown in F i g . 2 . 

112-6841 
Fig. 105. Diagram Showing Blade Numbers 

and Special Control-blade 
Orientations 4a and 8a 

As a m a t t e r of p e r h a p s m i n o r i n t e r e s t , the in i t ia l p lan had been 
to u s e c a d m i u m s h e e t s i n s t ead of the 0 . 1 2 7 - c m - t h i c k s t a i n l e s s s t e e l p o r t i o n s 
of the con t ro l b l a d e s . The s t a i n l e s s s t e e l was subs t i t u t ed b e c a u s e of f ea r 
of binding be tween c a d m i u m and the b lade gu ides , b e c a u s e c a d m i u m did not 
appea r in the AARR des ign , and b e c a u s e the w o r t h s w e r e a d e q u a t e wi thout 
the addit ion of c a d m i u m in the c r i t i c a l a s s e m b l y . The s t a i n l e s s s t e e l was 
d e s i r a b l e for i ts m e c h a n i c a l s t r e n g t h , and th is avoided any h a z a r d of b r e a k 
age . No c r a c k s or o the r flaws have deve loped in the hafnium, and b r e a k a g e 
is not c o n s i d e r e d l ikely with the m a t e r i a l p r o v i d e d . 
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2. Shadowing of Blade Worths 

The blade calibrations varied significantly because of shadow
ing by adjacent blades, if inserted. Because the excess reactivity was 
different with different core loadings (given in Table I), the number of 
control/safety blades inserted at cri t icali ty varied from loading to loading, 
and shadowing was sonnetimes encountered during calibration measurements . 
Assembly 1 had only 0.4% excess reactivity; consequently shadowing by 
control/safety elements normally was not detected. Shadowing effects were 
negligible in Assemblies 3 and 4a, which had less than 3% excess reactivity, 
because it was feasible to perform calibrations with as few as three blades 
inserted (separated 120° azimuthally around the core) during calibration 
runs. No significant shadowing was detected between blades separated 
120° azimuthally around the core . 

The amount of shadowing obtainable in Assembly 4b was mea
sured. Using unshadowed blade-calibration curves, we could vary the 
critical configuration from 3.0 to 4.26% indicated excess reactivity. Since 
the core loading was unaffected by the blade configuration, it was concluded 
that the excess reactivity remained constant at 3.0% and that shadowing r e 
duced the blade worths to as little as 0.7 of the unshadowed value, with 
blades 4, 5, and 11 fully inserted and blade 12 controlling at 45.35 cm with
drawn, which is 37.6 cm above the bottom of the fuel. Table XXVII summa
rizes the data taken during the shadowing measurement . Note that blade 1 1 
was a "thin" blade at the time of this experiment, as described in Section C.l 
below. 

TABLE XXVII. Shadowing Data for Control Blades of Assembly 4b 
1 

Indicated^ Measured 
Configuration Blades Fully Blades Partially Excess Shadow 

No. Inserted Inserted Reactivity, % Factors^ 

1 No. 10 and 13 No. 8 at 21 .67 cm 3.996 1.000 
2 No. 10 and 12 No. 11 at 14.43 cm 3.302 0.907 
3 No. 4, 5, and 11 No. 12 at 37.60 cm 4.264 0.703 

Excess reactivity indicated by unshadowed blade-calibration curves (obtained with 
blades separated IZ0° azimuthally). 
Ratio of excess reactivity to indicated excess reactivity. 

Shadowing appears to be more pronounced with combinations of 
in-core and peripheral blades than with in-core or peripheral blades ex
clusively. The greatest shadowing indicated by Table XXVII is with the 
third configuration, which included two peripheral blades. Banked in-core 
blade worths were more nearly equal to the sum of the individual worths. 
A shadowing factor of 0.95 was found for banked peripheral blades in 
Assembly 5. Interactions affecting adjacent peripheral blades were also noted 
in the experiments with beryllium reflector removal, simulating attachment 
of a 5.08-cm-thick portion of reflector to a blade follower (see Section G 
below). 
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The worths of the peripheral blades should be affected by flux 
tilting to a greater extent than those of the in-core blades. Consequently, 
flux tilting is probably a major factor in the shadowing experiments . Another 
factor is the more hardened neutron-energy spectrum at the in-core posi
tions than in the vicinity of the reflector, which suggests that thermal-flux 
depressions are greatest at the peripheral-blade locations. 

3. Worths of Standard Hafnium Blades with Aluminum Followers 

The usual selection of follower material for a hafnium blade is 
zirconium, which can be welded to hafnium. As a convenient substitute, 
aluminum followers were used instead of zirconium in the cri t ical experi
ments. Calibrations were obtained in each of the assemblies loaded, for at 
least one of the control- or safety-blade groups. Accuracy of calibration 
was least with Assembly 1, because the calibration was necessar i ly by sub-
critical methods and the stated results could be in e r ro r by ±0.1%. Typical 
e r ro r s in rising period calibrations were estimated at ±0.005% in reactivity 
resulting from ± l - sec e r ro r s in determining each rising period, using plots 
from two or three instruments. Assuming seven rising per iods, and random 
e r r o r s , for each blade calibrated, resulted in a standard e r r o r estimate of 
±0.013% per blade, although about three times as large an e r r o r resul ts from 
assuming cumulative systematic e r r o r s . 

For three groups of blades in Assembly 1 and two groups in 
Assembly 2, only the crit ical configurations were measured. This estab
lished the ranks of the groups quite accurately, but the individual worths 
could not be estimated accurately because of the small excess reactivity. 
Only a short length of one blade was necessary to control the small excess 
reactivity, and the comparison of one blade with another by proportionality 
involved a number of difficulties inherent in early operation. Position indi
cation and up and down limit positions were unsettled because of transnnitter-
shaft slippage , snubber adjustments, and blade-guide tolerances . In Assem
bly 2, two blades were fully inserted at cri t icali ty, and comparison was 
reasonably accurate. Table XXVIII gives the calibration data for the standard-
dimension blades. Although the blades are listed by groups of three, there 

TABLE XXVIU. Standard Control-blade Worths, 
Using Alximinum Followers 

Reactivity (%) by Assembly Numbers 
Blade No. 

1, 3, 5 
2, 4, 6 
7, 9, 11 
8, 10, 12 

1 

-1.23 
- 1 . 3 ^ 
-1.5» 

1.8 ± 0.1 

2 a 

1.46=1 
1.52 
1.58» 
1.66 

3 

1.30 
1.43 

• 1.25 
1.41 

4 a 

1.12 
1.20 
1.01 
1.07 

4b 

1.44 
1.51 
1.14 
1.18 

5 

1.23 
1.21 

Varies 
1.20 

These worths were estimated from critical configurations and are not 
as accurate as worths measured by rising periods. The ranks are 
correct, (See discussion in text.) 
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were also some snnall differences within each group, which are not shown. 
The individual differences were attributed to clearances and other dimen
sional var ia t ions. 

4 Conclusions 

Generally, the worths of the blades positioned inside the fuel 
region decreased monotonically with increased fuel-loading density 
(Assemblies 1, 2a, 3, and 4a). The worths of the six peripheral blades 
were slightly less affected by fuel-loading density. Since the peripheral 
blades were 25% wider than the interior blades, the worth per unit area 
was fairly independent of location in Assemblies 4a and 4b. 

The average unit worths per square centimeter of extent of 
0.381-cm-thick hafnium (with or without an additional 0.127-cm thickness 
of stainless steel) ranged from 0.0013 to 0.0026% reactivity. (Effective 
dimensions assumed were widths of 15.24 and 19.05 cm and a length of 
45.72 cm.) This range is about a tenth as great as that of absorber in the 
ITC, which IS indicated by Tables X, XI, and XII and Figs. 9 and 10. 

Comparison of worths in Assemblies 4a and 4b, involving pr i 
mari ly the change fronn the small to the large ITC, showed that the worths 
of peripheral blades were affected (increased) by a factor of 1.275 ± 0.02 
while the worths of the in-core blades were affected by a factor of 
1.115 ± 0.015. 

Comparison of worths in Assemblies 4b and 5, involving p r i 
marily the change to a graded fuel loading, indicated a factor of 0.82 ± 0.03 
(decrease) in individual per ipheral-blade worths. Worths of individual and 
banked in-core blades were typically changed by a factor of 0.95 ± 0.05. 
These reductions in worth are contrary to the trend with uniform loadings 
where removal of fuel and boron would cause an increase in control/safety-
blade worth. The per ipheral-blade worths were affected (reduced) by a 
factor of 0.95 when banked, as compared to individual worths, in Assembly 5. 
The banked worths of the in-core blades are discussed under Section E.3 . 

C Reactivity Worths of Thin Hafnium Blades 

1. Description of Thin Blades 

The thin hafnium blades were composed of the same 0.381-cm-
thick pieces of hafnium used in the standard blades. The 0.127-cm-thick 
stainless steel portions present on the standard blades were removed, and 
the blade followers were changed to 0.381-cm thicknesses of aluminum, in 
making up the thin blades. These blades were normally used as safety 
blades after the change. 
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2. Purpose of the Thin-blade Experiments 

Four thin blades were made up first for use as safety blades 
for the critical experiment. Two were in-core type (15.24 cm wide), and 
two were peripheral type (19.05 cm wide). The decreased thickness of the 
thin blades resulted in a thicker water gap between the blades (or the fol
lowers) and the fuel region. The increased clearance was needed because 
of a slight tendency of the fuel elements surrounding the blade slots to close 
in on the blades during temperature-coefficient experiments. A part icular 
instance, including swelling of a jacketed fuel plate, had resulted in a stuck 
blade. Swelling of the stationary nylon guides that keep the blades in align
ment was the major cause of friction on the blades during tempera ture-
coefficient runs, and this condition was relieved by readjustment to leave 
space for expansion of nylon with increasing temperature. 

At that time, the AARR design was being modified to allow 
greater clearance around the blades, and the thin blades in the crit ical 
experiment provided a similar increase in clearance. Consequently, further 
experiments were performed with the thin blades to determine what r eac 
tivity differences resulted from their installation. Flux measurennents 
were also made to determine the ntiagnitude of flux peaking in the fuel region 
adjoining the thickened water gaps, as described in Section V.E. 

3. Comparison of Thin and Standard Blades 

As shown by Table XXIX, the thin blades were, with only one 
exception, worth less than the standard blades when installed in the periph
eral positions. Conversely, the thin blades were worth more than the stan
dard blades when installed in the in-core positions where the neutron 
spectrum was very hardened. The thin blades were available only during 
Assemblies 3, 4a, 4b, and 5. Because of impending ternnination of the p ro
gram, the calibrations were not carr ied out in as great detail in Assem
blies 4b and 5 as was done ear l ier . 

TABLE XXIX. Comparison of Worths of Thin and Standard Blades 

Type Blade: 

Blade No. 

1, 3, 5 
2, 4, 6 
7, 9, 11 
8, 10, 12 

Thin 

1.20 
1.29 
1.31 
1.46 

3 

Standard 

1.30 
1.43 
1.25 
1.41 

React: 

Thin 

l . U 
1.20 
1.04 
1.14 

ivity (%) by 

4 a 

Standard 

1.12 
1.20 
1.01 
1.07 

As sembly 

Thin 

1.18 
1.22 

Numbers 

4b 

Standard 

1.44 
1.51 
1.14 
1.18 

Thin 

0.93 

5 

Standard 

1.23 
1.21 

1.20 
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D. Reactivity Worths of Thick Hafnium Blades 

1 . Purpose of Measurement 

Since hafnium control and safety blades generally are not clad, 
but europium blades would require roughly a 0.01- or 0.02-cm (or thicker) 
stainless steel cladding, it was desired to determine how significant a change 
in thickness of hafnium might be, for comparison with europiunn. Ear l i e r 
in-core measurennents with small coupons had indicated a reactivity effect 
less than a factor of 1.1 for an increase in thickness of hafnium from 0.38 
to 0 51 cm. The hafnium data with small coupons are given in Section J be
low. The europium data a re reported in Sections I and J below. 

2. Description of Thick Blades 

One peripheral thin hafnium blade (19.05 cm wide and 0.381 cm 
thick) was thickened by attaching a ~0.127-cm-thick hafnium sheet to it, and 
changing to a 0 508-cm-thick standard aluminum follower. Thus, the thick
ened blade included a full 0.508-cm thickness of hafnium, except at the joint 
with the aluminum follower. The joint was below the fuel region when the 
blade was fully inserted. Although the overall thickness of the blade was the 
same as that of a standard blade, it was all hafnium, whereas a 0.127-cm 
thickness of stainless steel was included in each standard blade. 

The thickness of the added sheet of hafniunn varied from 0.127 
to 0.140 cm, except for a reas totaling about 3 sq in., which had been ground 
down to rennove surface flaws. These were scattered areas produced during 
rolling in fabrication and extended lengthwise along the blade. The minimum 
thickness in these a reas was 0.10 cm, 

3. Comparison of Thick and Standard Per iphera l Blades in 
Assembly 4b 

Comparisons were made in two peripheral positions, using thick 
and standard hafnium blades in Assembly 4b. In position No. 2, the worths 
were 1.509 and 1.449% in reactivity, or a factor of 1.04 in reactivity for an 
increase of a third in hafnium thickness. The resul ts for position No. 6 
were 1.426 and 1.331%, respectively, or a factor of 1.07. These values were 
obtained by rod-drop techniques, using an on-line computer for data analysis. 
Typical blade configurations during these experiments were with No. 2 or 6 
inserted and No. 4 withdrawn 22-27 cm. 

More accurate measurements of the differences in worth were 
obtained by nneasuring the changes in cr i t ical configurations of No. 4 cal i 
brated control blade. These resul ts were 0.084 and 0.090%, as compared to 
0.060 and 0.095% by the rod-drop method. These differences indicated in
c r eases by factors of 1 .058 and 1.068 in reactivity because of the increase 
in thickness, for per ipheral positions 2 and 6, respectively. 
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E. Dependence of Worths of Standard Hafnium Blades on Temperature and 
on ITC Void Fraction 

1. General Nature of Dependence 

Control-blade worths probably affected the measurements of 
temperature coefficients in all the measurements attempted. Thus, the 
apparent temperature coefficient consisted of (1) a loss in reactivity as the 
system was warmed (except below ~40°C, where the coefficient was not 
necessari ly negative) and (2) a change in the worth of any control/safety 
blade inserted for operation of the facility. To retain crit icali ty, both factors 
required blade motion, and the apparent coefficient was usually more nega
tive than indicated by water-level control with all blades withdrawn from the 
reactor . The difference was not necessari ly obvious in a tempera ture-
coefficient measurement in Assembly 2 (see Fig. 113 later) , which was 
hampered by a number of problems resulting in data scat ter . The measu re 
ment with Assembly 3 was with better equipment and procedures , and a 
recalibration of blade No. 6 indicated 3.3% relatively greater worth at 53°C 
than at 24°C. 

A massive void experiment in the ITC during Assennbly 3 was 
with blade No. 12 fully inserted and blade No. 8 controlling. The blade worth 
at room temperature was the same whether the ITC was flooded with water 
or 73.8% voided. The blade worths were remeasured at 50-70°C and shown 
to have decreased by about 7% relatively when the ITC was voided, but in
creased 3% above the room-temperature worth when the ITC was flooded. 

Thus, by the time Assembly 4a was avail
able, it had become apparent that ITC void 
fraction and reactor temperature could 
affect blade worths significantly. 

PERIPHERAL CONTROL BLADE NO 6 

CURVE 

STANDARD HAFNIUM WITH 
0 Z in ALUMINUM 
FOLLOWER 

BLADE WITHDRAWN, cm 

112-7458 Rev. 2 
Fig. 1 Calibrations of Blade No. 6 with 

Different Temperatures and ITC 
Void Fractions in Assembly 4a 

2. C a l i b r a t i o n s of B l a d e s No . 6 
and 10 in A s s e m b l y 4a 

De ta i l ed c a l i b r a t i o n s w e r e 
m a d e of b l ades No. 6 and 10 in A s s e m 
bly 4a . The p lo t ted w o r t h s of b lade No. 6 
a r e shown in F i g . 106. The w o r t h of the 
b lade i n c r e a s e d by about 15%, r e l a t i v e l y , 
as a c o n s e q u e n c e of voiding the ITC by 
73.8% at 24°C. S i m i l a r r e s u l t s w e r e o b 
ta ined with i n - c o r e b lade No. 10. The 
c a l i b r a t i o n s of b lade No. 6 at ~54°C w e r e 
s igni f icant ly affected by both t e m p e r a t u r e 
and Voiding. The b lade w o r t h wi thout void 
was r e l a t i v e l y 1.3% g r e a t e r at 54°C than 
at r o o m t e m p e r a t u r e , but the w o r t h wi th 
void in the ITC was 1.8% l e s s at 54°C than 
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at room tempera ture , which was s imilar to the results with Assembly 3. 
The effect of voiding was much greater than that of temperature on the worth 
of blades No. 6 and 10. This was the opposite of the results in Assembly 3. 

3. Calibration of Banked Blades 7-12 in Assembly 5 

During a temperature coefficient test, in Assembly 5, critical 
water-height measurements and blade calibrations did not agree, as shown 
by Fig. 116 later . This experiment was with a banked configuration of blades 
No. 7-12, which nnatched the expected AARR operating configuration insofar 
as was feasible. Calibrations of blades No. 8 and 10 were carr ied out by 
rising-period measurement at ~26 and ~65°C. Blade No. 8 was withdrawn 
incrementally, for each rising-period determination, and blade No. 10 was 
then used to compensate. Both started from the banked configurations, and 
blade No. 12 was used to supplement blade No. 10 when fully inserted. 

at -26°C. 

112-8820 

These blade worths were 7% greater , relatively, at 65°C than 
These data are plotted in Fig. 107. The midplane of the core is 

at 30.6 cm on the scale of Fig. 107. The 
change in blade worth accounted for more 
than half the blade withdrawal during the 
temperature-coefficient measurement . 
Because the excess reactivity of AARR 
will change during the core life, the blade 
configuration will vary. This variation 
will affect the apparent temperature co
efficient of the system. Shutdown margins 
generally would be greater when the sys
tem is hofthan when it is cool. 

4. Conclusions 

Changes in blade worths were 
large enough to complicate measurements 
of temperature coefficients and of massive 
ITC void worths. There were no measure 
ments in which the combined effects of 
increased temperature and voiding reduced 

•LAOEWITHORJUm.Cin 

Fig. 107. Blade Worths at 26 and 
65°C in Assembly 5 

b lade w o r t h s below those m e a s u r e d at r o o m t e m p e r a t u r e wi th no void in the 
I T C . The n a t u r e of the r e s u l t s ob ta ined was not an t i c ipa t ed d u r i n g A s s e m 
b l i e s 1 and 2, and no obvious p a t t e r n has been found to r a t i o n a l i z e the r e s u l t s . 

F . C o m p a r i s o n of A l u m i n u m and S t a i n l e s s S tee l Blade F o l l o w e r s 

1. P u r p o s e of C o m p a r i s o n 

An a l u m i n u m fol lower a b s o r b s fewer n e u t r o n s than does a s t a i n 
l e s s s t e e l fo l lower of the s a m e s i z e and in the s a m e p o s i t i o n . Thus a b lade 
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followed by aluminum increases reactivity to a greater extent, as it is with
drawn, than if it is followed by stainless steel. However, one purpose of a 
follower is to prevent undue flux peaking in the blade slot when the blade is 
withdrawn, and stainless steel is more effective than aluminum in this 
respect . 

Comparison of the two types of followers included reactivity 
nneasurements as well as flux plots. The flux measurements are given in 
Section V.E. 

2. Measured Loss of Reactivity-control Worth on Substitution of 
Stainless Steel for Aluminum Blade Followers 

The aluminum followers of blades No. 2 and 7 or 4 and 8 were 
replaced by stainless steel, and the blades were recalibrated giving the 
worths shown in Table XXX. In addition to recalibration, blades No. 2 and 
7 were compared to No. 6 and 9, respectively, by interchange in Assembly 3. 
After the aluminum followers were replaced, the interchange was repeated 
and the difference in reactivity controlled was measured by withdrawal of 
blade No. 6 (or No. 9) to the level attained when interchanged with the same 
blade followed by stainless steel, resulting in a rising period. As shown in 
Table XXX, the comparison gave slightly different and presumably more 
accurate results than obtained by differences between the calibrated blade 
worths. 

TABLE XXX. Loss of Reactivity-control Worth by Use of Stainless Steel 
Control-blade Followers. Replacing Aluminum 

Blade Worth with Al Worth with SS Difference, by Difference, by Fractional 
No. Follower. % Follower, % Calibration Comparison Loss 

2 1.43 1.01 0.42 0.31 0.22 
7 1.25 1,16 0.09 0.098 0.08 

1.01 
1,16 

0.91 
1,02 

Assembly 3 

0.42 
0.09 

Assembly 4a 

0.28 
0.05 

4 1.19 0.91 0.28 - 0.24 
8 1.07 1,02 0.05 - 0,05 

The reactivity worths of stainless steel followers in the periph
eral positions. No. 2 and 4, were sufficient that stainless steel followers 
may not be feasible for AARR safety blades. The in-core positions. No. 7 
and 8, were in a region having a more hardened neutron-energy spectrum 
where the difference in effective cross sections of aluminum and stainless 
steel was not as great as at the periphery. 

G. Measurements Related to Attachment of Beryllium Reflector to 
Safety-blade Follower 

A proposed AARR safety device involved attachment of sections of 
beryllium reflector to the followers of the peripheral (safety) blades. Rather 
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than construct a detailed mockup, for testing the device, we removed a 
5.1-cm-thick slab of beryl l ium reflector blocks alongside safety blade No. 3. 
This allowed a measurement corresponding roughly to attachment of a sixth 
of the tennporary beryll ium reflector to a safety-blade follower. However, 
a two-step procedure was needed. The cri t ical configurations were mea
sured first with the beryllium in place and safety blade No. 3 driven all out, 
and then all in. The procedure was repeated with the 5.1 x 25.4 x 48.3-cm 
beryllium slab removed, and the space filled with water. 

The loss of reactivity attributed to beryllium removal was 1.8 ± 0.2%. 
Recalibration of safety blade No. 3 by rising periods indicated a worth of 
-0.54%, compared to -1.44% initially. Since the width of the blade is only 
three-fourths of the width of the beryllium removed, a combination with 
beryllium would yield (0.54 + 0.75 x 1 .8) = 1.9%, which is 1.31 times the 
worth of the safety blade with beryllium remaining in the reflector. 

During review of the data, it was noted that both adjacent peripheral 
blades were sonnewhat shadowed (by about 0.1% in reactivity) after removal 
of beryllium. If this is mutual, the worth of a safety blade with beryllium 
attached to the follower would be reduced to 1.7% if the neighboring blades 
were s imilar in design 

Under the foregoing assunnption of mutual shadowing, the reactivity 
control using reflector attachment to six safety-blade followers appears to 
be a factor of 1.7/1.44, or about 1.18, tinnes the worth of six hafnium safety 
blades with aluminum followers. 

H. Experiments with an ITC Safety-liner Mockup 

A large shutdown margin would be needed during shipment if an 
AARR stainless steel core were to be received and loaded into the reactor 
as a packaged unit, containing about 60 kg of highly enriched uranium. The 
use of a rennovable ITC safety liner for increased shutdown margin appeared 
feasible, and a measurement was made of the reactivity worth of a mockup 
in Assembly 5, which included the ITC of Fig. 6. Although a thick, heavily 
absorbing liner would otherwise have been tested, the available supply of 
hafnium was limited to an 0.1 3-cnn-thick l iner, which was sufficient to r e 
place the 0.16-cm-thick stainless steel wall of the small ITC or 80% of the 
per imeter of the large ITC. Since there were consistent thickness data from 
tests with small coupons and from safety-blade experiments, it seemed rea
sonable to measure the worth of the thin hafnium liner and to use that mea
surement as a basis for an est imate of the worth of a thick one. Another 
factor was that the excess reactivity of the available Assennbly 5 equaled the 
anticipated worth of the thin l iner, thus this experiment would not require 
reloading of the reac tor . A thicker liner would require either reloading or 
r e so r t to subcrit ical measurements , which are not very accurate . 
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After a reference run, the six 6.0-cm-wide, 0.16-cm-thick stainless 
steel sides of the large ITC were replaced by 0.1 3-cm-thick hafnium, but the 
re-entrant corners were not changed. This resulted in 80% of the ITC 
per imeter being hafnium, and 20% being stainless steel . This part ial ITC 
liner controlled 3.16% reactivity, as measured by control-blade calibration 
based on rising periods, in the reference condition. 

Cadmium sheet, 0.093 cm thick, was shaped to fit the re -en t ran t 
corners and was then inserted between the ITC and the adjacent fuel. The 
composite ITC liner controlled 3.93% in reactivity. The reactivity ratio 
between the cadmium portion and the hafnium portion of the ITC liner was 
0.77/3.16 = 0.24, as compared with the area ratio O.20/0.8O = 0.25. Since 
the cadmium was fitted into corners , its geometry was less favorable than 
that of the hafnium, and this measurement underestimated cadmium worth, 
relative to hafnium. Compared to the nearest control blades, of 0.38-cnn-
thick hafnium, the 0.1 3-cm-thick hafnium in the ITC liner was 1.13 t imes 
as effective per unit area. 

Judging by the hafnium coupon data, one would expect a thick hafnium 
ITC liner to control up to twice as much reactivity as the thin l iner. There 
are other factors to be considered, however. In the preceding sections, 
discussing the partial removal of beryllium radial reflector, and shadowing 
of adjacent blades, it was shown that control-blade calibrations could be 
affected at some distance from the location of a heavy absorber . A prec ise 
nneasurement of ITC liner worth would be possible only with nnockups of the 
shipping and loading arrangements . The interaction between components is 
too great to obtain accurate indications of subcriticality during shipping 
without such a mockup. 

I. Experiments with Europium Control-blade Specimen 

1. Purpose 

The use of europia-stainless steel blades in the AARR stainless 
steel core was studied as a means of obtaining greater control capability. 
The following reactor-physics considerations favored the use of europium. 
The thermal, epithermal, and resonance cross sections of a europium blade 
are greater than those of alternative mate r ia l s . The isotopes resulting from 
neutron capture by the two stable isotopes of europium are long-lived and 
also have large neutron-absorption cross sections, which delay the effects 
of burnout. Thus a europium control blade might be expected to last much 
longer than a blade made of other mater ia ls , if burnup were the limiting 
factor. 

As noted in Section F above, a nnajor complication of a europia-
stainless steel blade is a stainless steel follower, which absorbs more 
reactivity than aluminum in the peripheral positions near the berylliunn 
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reflector. Thus the initial reactivity advantage of europium is cancelled. 
In the in-core positions, where the neutron-flux distribution is more hard
ened, the difference in effective neutron-absorption cross sections of various 
followers is much less , and consequently the europia-stainless steel blade is 
more effective, there, than is hafnium with an aluminunn follower. 

These europia-s ta inless steel specinnens were tested only to 
the extent required for reactivity measurements and were not subjected to 
the normal s t r e s s , shock, and wear inherent in use as control elements. 
One specimen was cracked across nearly 90% of its width, to the extent that 
light passed through. The crack might have resulted from fabrication, 
mechanical testing, or shipping accidents. The additional precautions r e 
quired with that specimen resulted in only one set of measurements of its 
worth. Although no deterioration was found when these specimens were used 
in the cri t ical experiment, the fact that they were temporari ly installed there 
should not be taken as evidence that such material is mechanically suitable 
for use in the dimensions provided. Noticeable variations were found in the 
reactivity worths of these specinnens which also indicated dependence on 
fabrication p rocess . 

2. Description of Europia-Stainless Steel Plates 

A number of special plates were procured to assess the advan
tages and problems associated with this type of control blade. Table XXXI 
shows the composition and dimensions of these sannple plates. The absorber 
portion of each plate is a cermet with a matr ix of Type 304 stainless steel . 
The titanium oxide and hafnium oxide were included for stabilization to 
retard the hygroscopic action of the europium oxide. The blade designated 
S3 is a dummy, which was included for comparison. The zirconium used 
in S3 was commercial grade and contained from 0.5 to 2% hafnium. 

TABLE XXXI. Descriptions of Special Control-blade Plates 

Plate 
Designation 

SI 

S2 

S3 

Ml 

M2 

Marking 

ZC5S-I 

ANL-50% 

ZGP-1 

Unmarked 

Unmarked and 
cracked 

Composition of 

w / o 

34.3 Eu,Oj 
15.6 TiOj 
50,1 SS 
2 7.4 EuzO, 
12.4 TiOi 
60 2 SS 
50.7 ZrO; 
49.3 SS 
28.8 EujO, 
13.0 TiOj 
58.2 SS 
17.7 Eu;0 
21.2 HfO; 
61.1 SS 

Estimated Dimensions of 
Absorber Portion, in. 

Thickness 

0.182 

0,167 

0 171 

0.18 

0.18 

Width 

5.175 

5.300 

5.135 

5.35 

5,26 

Length 

I 8 i 

1 8 i 

1 8 i 

1 8 j 

18 

Dimensions of 
Plate, in. 

Thickness 

0.213-0.215 

0 194-0 198 

0 204-0 206 

0.209-0.211 

0.203-0 210 

Width 

5.75 

5.75 

5.75 

5.59 

5 49 
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The p l a t e s l i s t ed in Tab le XXXI w e r e f r a m e d and c l ad wi th 
s t a i n l e s s s t e e l . The c o m p o s i t i o n s and e s t i m a t e d d i m e n s i o n s of the a b s o r b e r 
p o r t i o n s w e r e obta ined f rom the f a b r i c a t o r s . 

T h e s e spec i a l p l a t e s w e r e u s e d to m a k e s t a n d a r d - s i z e c o n t r o l 
b l a d e s for the AARR c r i t i c a l fac i l i ty . F i g u r e 108 shows in de ta i l the a s s e m 
bly u s e d for a p e r i p h e r a l c o n t r o l - b l a d e pos i t i on . F o r an i n - c o r e pos i t i on , 
the o v e r a l l b lade width is 6 in. i n s t ead of the 7^ in. shown in F i g . 108. The 
suppor t p i e c e s , f o l l ower s , and f i l l e r s w e r e Type 304 s t a i n l e s s s t e e l . The 
p l a t e s w e r e al l m a c h i n e d to 2 1 ^ in. o v e r a l l l ength . H o w e v e r , as shown in 
Tab le XXXI, the widths of the p l a t e s w e r e not the s a m e . F i l l e r s of v a r i o u s 
s i z e s had to be m a d e to m a t c h the d i f ferent p l a t e w i d t h s . The a s sennb led 
e u r o p i a - s t a i n l e s s s t ee l con t ro l b l ades had the s a m e o v e r a l l d i m e n s i o n s as 
the s t a n d a r d hafnium b l a d e s . 

. 200 NO. 304 ss 

.IOC-' ' -4-1/2-J 

—] J - -2 I4 / . I9 I 

,ot|a.:»i-&'>M;i*/ // / y / / f /if\.!> / f ,»j^«kvu^mvkvmmwwuw |̂um,Mm«vmmn«nTO 

ALL DIMENSIONS IN INCHES 

112-6683 Rev. 1 

Fig. 108. Europia-Stainless Steel Blade Assembly 

3. M e a s u r e d W o r t h s of S a m p l e s 

E a c h spec i a l blade was c a l i b r a t e d in c o n t r o l - b l a d e p o s i t i o n s 
No. 4 and 8. Also , s ince the p l a t e s w e r e n a r r o w e r than the hafn ium c o n t r o l 
b l a d e s , each b lade was c a l i b r a t e d twice , with the b lade r o t a t e d 180° in the 
c o n t r o l - b l a d e s lot a f ter the f i r s t c a l i b r a t i o n . Tab le XXXII l i s t s the to ta l 
w o r t h s obta ined f rom t h e s e c a l i b r a t i o n s in c o r e s 3 and 4a . The e s t i m a t e d 
u n c e r t a i n t y in t h e s e t abu la t ed va lues is ±0.02% in r e a c t i v i t y , excep t for 
b lade S3 w h e r e the u n c e r t a i n t y is e s t i m a t e d to be ±0.005% in r e a c t i v i t y . 
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Figure 105 is a diagram of the core, showing the 45 rhombic fuel assem
blies and the 12 control-blade locations. The shaded areas in control-blade 
slots No. 4 and 8 represent the positions of the absorbing regions of the 
special control blades when they were^in the 4a and 8a orientations. 
Table XXXII indicates that, within the accuracy of the measurements , the 
blade worth is independent of orientation. 

T A B L E XXXU. Tota l W o r t h s of Spec ia l Control Blades 

Blade 
Des igna t ion 

SI 
S2 
S3 
Ml 
M2 

I n - c o r e 

8a 

1.13 
1.15 
0.023 
1.15 
l.OB 

M e a s u r e d 

A s s e m b l y 3 

Blade 

8b 

1.14 
1.11 
0.022 
1.15 
1.07 

P e r i p h e r a 

4a 

0.88 
0.89 

-0 .024 
0.89 
0 ,8 i 

Reac t iv i 

1 Blade 

4b 

0,87 
0.93 

-0 025 
0,87 
0,84 

'y C o n t r o l W o r t h s . 

I n - c o r e 

8a 

1.00 
0.99 
0.030 
1.03 

1-

A s s e m 

Blade 

8b 

1.00 
0.97 
0.022 
1.02 

ibly 4a 

Per iphera l 

4a 

0.80 
0.80 

-0 .017 
0.82 

Blade 

4b 

0 82 
0.82 

-0 .025 
0,81 

The negative values shown for blade S3 indicate that in the 
peripheral position, when the zirconia portion of the blade was withdrawn 
from the core, there was a resultant loss of reactivity. 

No data were taken for blade M2 in core 4. This blade was 
worth less in core 3 than the other europia blades, and the condition of the 
blade was such that continued use in an operating reactor was not considered 
advisable. 

Direct comparison of the total worth of these special blades with 
each other and with the standard hafnium blades is misleading because of the 
differences in the dimensions of the active portions of the blades. To obtain 
a useful comparison, the measured values have been adjusted in several 
ways. To eliminate the effect due to different active lengths, the worth of 
each blade was determined from an equivalent full-out position to a position 
where the bottom of the active region is at the midplane of the core. For 
the hafnium blades, the worth was obtained for the portion from 12.30 in. 
out to 22.05 in. out. An equivalent change in the europia blade position was 
obtained by using the portion from 10.30 in. out to 20.05 in. out. A survey 
of previous hafnium-blade calibrations shows that the range from 12.30 to 
22.05 in. represents about 47.5% of the total blade worth. 

The "partial" blade worths obtained in the above manner for the 
two orientations were averaged and then adjusted for the differences in the 
widths of the absorbing portions. For this adjustment, the blade worth was 
assumed to be directly proportional to the width of the absorber portion of 
the blade. As mentioned ear l ie r , the hafnium blades are 6 and 7-̂  in. wide 
for the in-core and peripheral blades, respectively. If europia is used for 
the control mater ia l , the cermet must be clad. For comparison with the 
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hafnium blades, it was assumed that the europia blades would be of the same 
overall width with l /S in. of stainless steel at the blade edge, giving the 
cermet widths of 5-^ and 7-^ in. for the in-core and peripheral blades, r e 
spectively. The final adjustment was made by multiplying the "part ial" 
blade worth by the ratio of the assumed cermet width to the actual cermet 
width. Table XXXIII lists these adjusted resul ts with appropriate hafnium-
blade data for comparison. The hafnium data in the table were obtained 
from calibrations of hafnium blades with stainless steel followers. As 
already mentioned, the hafnium thickness was 0.150 in. Measurements 
indicate that an increase in the hafnium thickness from 0.150 to 0.200 in. 
would increase the relative blade worth less than 10% as described in 
Sections D above and J below. 

TABLE XXXIII. Adjusted Par t ia l^ Worths of Control Blades 

Plate 
Designation 

Hf 
SI 
S2 
Ml 
M2 

A s i 

In-core 
Blade 
No. 8 

0.54 
0.66 
0.63 
0.67 
0.59 

Reactivity Control Wor 

sembly 3 

Per ipheral 
Blade 
No. 4 

0.48 
0.62 
0.62 
0.62 
0.58 

thb 

Assembly 4a 

In-core 
Blade 
No. 8 

0.48 
0.58 
0.55 
0.59 

Per iphera l 
Blade 
No. 4 

0.43 
0.58 
0.55 
0.59 

See text for explanation of method used. 
"Estimated uncertainty in the tabulated values is ±0.01% in 
reactivity. 

4. Conclusions 

Table XXXIII shows that europia blades of the type described 
here are worth more, in terms of reactivity control, than hafnium blades of 
comparable size, provided the same blade follower is used. 

The blade designated Ml has the greatest adjusted worth of any 
of the blades studied. This result is unexpected in view of the compositions 
given in Table XXXI. The relative ineffectiveness of M2, as compared to S2 
and Ml, is rather surprising. One would expect the hafnium stabilizer to 
augment the europium absorption, thus giving a greater overall blade worth. 
These apparent anomalies may be due to nonuniformities within the cermet 
or perhaps significantly different micros t ruc tures resulting from different 
fabrication processes . 
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J. Reactivity Worths of Small Samples in the AARR Critical Assemblies 

1. Introduction 

The reactivity worths of several small samples were nneasured 
at the midplane of Assemblies 1, 2a, 3, and 4a. In addition to these, some 
vert ical t r ave r se s were taken in Assembly 4a, because of interest in the 
problems ar is ing from banked control-blade operation and other factors 
resulting in nonuniform burnout of core mate r i a l s . These nneasurements 
were made for comparison with calculations and to indicate the worths of 
various mater ia l s making up the core and the control blades. As far as is 
known, no previous comparisons have been made in a similar neutron 
spectrum. 

2. Description of Samples and Methods of Measurement 

Reactivities associated with the following mater ia ls were 
measured; 

a. Boral (22.2 w/o natural boron as B4C-AI). This sample 
was taken from ~0 64-cm-thick plate and was ground to 0.508-cm thickness, 
removing the alunninum cladding l aye r s . 

b. Boron-stainless steel (101 w/o natural boron). These sam
ples were cut from a 0 .025-cm-thick boron stainless steel strip similar to 
those used in the core loading to simulate burnable poison. Various thick
nesses were obtained by combining these foils. 

c. Cadmium (pure metal) . These samples were cut from rolled 
sheets of cadmium available from a stock pile, and scrap pieces that have 
accumulated over several yea rs . 

d. Dysprosium. This is a pure metal , normally stored in 
mineral oil, which was obtained by special order . 

e. Europia-s ta in less steel (31 w/o europia). The europium 
oxide-stainless steel samples were taken from mater ia l obtained as a dem
onstration of the feasibility of a fabrication p rocess . The outer cladding of 
stainless steel was ground away, but three remaining layers were observed 
in the thicker samples . Investigation indicated that the three layers were 
separated by ~0 OOl-in.-thick stainless steel foils, which had been included 
as mois ture b a r r i e r s to limit possible diffusion of water vapor about any 
point of failure in the cladding. 

f. Gadolinium oxide-stainless steel (0.7 w/o gadolinium). The 
use of gadolinium resulted from interest in its unusual neutron cross sec
tion, which involves a much lower effective cutoff energy than that of 
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cadmium. Because of its 49,000-barn thermal-neutron-energy c ross sec
tion, the 0.7 w/o gadolinium sample is black to any thermal-energy neutrons 
falling below the cutoff energy. It was anticipated that this sample worth 
would be quite sensitive to the hardened neutron-energy distributions of 
these assemblies . 

g. Hafnium-zirconium (97.5 w/o hafnium). This mater ia l was 
taken from samples remaining after completion of ear l ie r exper iments . 

h. Nickel (connmercial grade) 

i. Stainless steel (Type 304) 

j . Uranium-aluminum (17.44 w/o uranium, of which 93.17 w/o 
is "^U) 

Measurements were made for samples of different thicknesses 
and with the samples at different radial locations within the fuel region at 
the vertical midplane of the core. The samples were inserted into the core 
by means of a dummy control blade-sample holder in one of the three radial 
control-blade slots. The sample holder had the same dimensions as the 
control blades and was made from 25 aluminum. The maxinnum sample 
thickness was limited to the thickness of the sample holder (0.51 cm). The 
sample positions were in the lower portion of the sample holder so that the 
samples were below the core during reactor startup. The samples could 
then be raised to the midplane of the core with the standard control-blade 
drive mechanism. Three 2.18 x 2.18-cm sample holes were in a horizontal 
row across the width of the sample holder. The centers of these sample 
positions were at radii of 9.5, 15.7, and 21.9 cm. A later modification of 
the sample holder provided larger sample holes for the purpose of investi
gating edge effects. The larger holes were at the same radial distances 
from the center of the reactor . Sample holes that were not in use were 
always filled with aluminunn blanks. When a sample thinner than 0.51 cm 
was used, the rennaining volume of the sample hole was filled with an alu
minum spacer to bring the total thickness to 0,51 cm. 

The worth of each sample was obtained by observing either a 
rising period or a change in position of a calibrated control blade when the 
sannple was moved from the midplane of the core to a position some distance 
below the core. This movement of the sample holder was equivalent to r e 
placing the sample by 0.51-cnn-thick aluminum. Thus the measured reac
tivity values were relative to a 0.51-cm-thick aluminum sample in the same 
position. 

The set of space-dependent worth measurements in Assembly 4a 
was obtained using a sample t ravers ing system with "on-line" computer 
processing of the data. Starting with the reactor cri t ical , samples were 
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moved vertically between the midplane of the core and a position below the 
reactor . The samples were t raversed in both directions to reduce the 
probability of systematic e r r o r . The resulting change of the neutron-flux 
level in the reactor was detected by an ion chamber and transmitted to the 
computer by means of an electrometer and a voltage-to-frequency converter 
system. The sannple position and neutron-flux data were received simulta
neously by the connputer, which was equipped with on-line data-input sca le r s . 
The reactivity was calculated by the computer from the flux data using a 
set of one-energy-group, space-independent kinetic equations. The results 
were presented in the form of plots of reactivity versus sample position. 

3. Measured Worths of Samples 

Table XXXIV gives the measured worths of the various samples, 
which were positioned at the core midplane. Measurements were made in 
Assemblies 1, 2a, 3, and 4a. The tabulated reactivity values were obtained 
with identical samples in each of the three sample positions. Additional 
nneasurements have shown that the reactivity worth with more than one 
sample in the core is equal to the sum of the worths of the individual sam
ples. This indicated that the samples are spaced sufficiently far apart so 
that there is very little interaction. The estimated e r ro r in the tabulated 
values is 0.001% in reactivity. 

TABLE XXXIV. Comparison ol Reactivity Worths of Small Samples In Fuel Regions 

Sample Oescrlptlon 

Boral (B4C-aluminum) 
122.2 w/o B) 

Boron-stainless steel 
11.01 w/o Bl 

Cadmium 

Oysprosjum 

Europium oxide-stainless steel 
(31 w/o Eul 

Gadolinium oxide-stalnless steel 
107 w/o Gdl 

Hafnium-zirconium 
(975 w/o Hfl 

Nickel 

Stainless steel (Type 3041 

Uranium-aluminum (17.44 w/o U. 
93.17 w/o "5u) 

Water 

Sample 
Thickness. 

cm 

0508 

0.508 
0.254 
0.127 

0508 
0.254 
a 127 
aoji 
aiBS 

0.025 

0396 

0508 

0.508 
0.302 
0254 

0508 

0508 

0462 
0198 

0.508 

Sample 
Weight. 

9 

1786 

5396 
2698 
13.49 

62.70 
3135 
15.68 
627 
314 

3.06 

4330 

56.05 

92.27 
55.13 
46.14 

63.72 

56.87 

19.91 
8.54 

21.66 

Assembly 1 

-O1207 

-O0571 

-O0753 
-O0618 
-O0549 
-00471 
-0.0421 

-01218 

-O0358 

-O0878 

-0.W76 

00146 

O0076 

Sample Reactivity. 

Assembly 2a 

-O1015 

•O0288 
-0.0146 

-O0570 
-O0447 
-O0356 
-0.0288 
-O0253 

-O1065 

-00234 

-O0997 
-O0789 
-00715 

-00053 

00036 

OW68 

Assembly 3 

-0.0845 

-00372 
-O0191 
-O0115 

-O0389 
-O0315 
-O0278 

-O0178 

-O0863 

-O0154 

-O0800 
-O0637 
-O0583 

-O0046 

00012 
O0023 

O0051 

» 
Assembly 4a 

By Period 

-O0596 

-O0221 

-00280 
-O0209 

-O0138 

-O0656 

-0.00935 

-O06O8 
-00464 
-00131 

-00043 

-O0027 

0.0)54 

O0O4O 

By Traversal 

-0.0599 

-00221 

-O0289 
-0.0212 

-0.0139 

-O0667 

-O0612 
-O0459 

oooso 
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Figure 109 shows the relative worth of cadmium as a function 
of sample thickness for the four assemblies . The data have been plotted in 
terms of worth per unit surface area (not extent, as in the ITC work). F ig
ure 110 is a similar plot of the hafnium data. 

SAMPLE THICKNESS. 10"^ Cm 

113-1565 

Fig. 109. Cadmium Sample Worth vs Thickness 

SAMPLE THICKNESS. 10*2 Cm 

113-1566 

Fig. 110. Hafnium Sample Worth vs Thickness 

F i g u r e 111 shows the v e r t i c a l t r a v e r s e s t aken wi th hafn ium, 
e u r o p i a - s t a i n l e s s s t e e l , b o r a l , and u r a n i u m - a l u m i n u n n . The w o r t h of u r a 
n ium is g r e a t e s t at a p e a k loca ted ~4 c m above the lower edge of the fuel 
r eg ion , r a t h e r than at the m i d p l a n e . This i s a t t r i b u t e d to the inf luence of 
the r e f l e c t o r . The a v e r a g e d m i d p l a n e w o r t h s f r o m th i s m e a s u r e m e n t w e r e 
inc luded in Tab le XXXIV, to p e r m i t c o m p a r i s o n s with p e r i o d m e a s u r e m e n t s . 
The c o m p a r i s o n s ind ica te that the v e r t i c a l d i s t r i b u t i o n s ob ta ined by th is 
method a r e a l m o s t as a c c u r a t e , when a v e r a g e d , as if t aken by r i s i n g p e r i o d s , 
which would be p roh ib i t i ve ly t i m e - c o n s u m i n g . 

• 4 . Conc lus ions 

The t abu la ted da ta ind ica te that the e u r o p i a - s t a i n l e s s s t e e l s a m 
ple con t ro l l ed m o r e r e a c t i v i t y than any o t h e r s a m p l e t e s t e d , in e a c h a s s e m 
bly. Bo ra l and hafnium w e r e about 90% as effect ive as the equa l vo lume of 
e u r o p i a - s t a i n l e s s s t e e l , in A s s e m b l y 4a, and a l m o s t equal to it in the e a r l i e r 
l oad ings . Since a hafnium b lade would not be c lad , it would be m o r e ef fec t ive 
in i t ia l ly than bora l and v e r y n e a r l y equal to e u r o p i a - s t a i n l e s s s t e e l , if of 
equal t h i c k n e s s , including any c ladd ing , and equipped wi th a z i r c o n i u m fol 
lower . This e u r o p i a - s t a i n l e s s s t ee l coupon m a y not have been qui te a s 
effective as the m a t e r i a l u s e d in Sect ion I. 

As expec ted f rom the gado l in ium n e u t r o n c r o s s s e c t i o n , wh ich 
has an effective cutoff in the v ic in i ty of 0.1 eV, the w o r t h of th i s s a m p l e 
was m o r e d r a s t i c a l l y affected by i n c r e a s e d fue l - load ing dens i t y than tha t of 
c a d m i u m . The highly e n r i c h e d u r a n i u m - a l u m i n u m s a m p l e was even m o r e 
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no t i ceab ly affected. As shown by F i g . 112, 
the "^U w o r t h m a y have p a s s e d i t s m i n i m u m . 
In any event , the c a l c u l a t e d w o r t h of U h a s 
been qui te s m a l l n e a r th is r e g i o n of fue l -
loading d e n s i t i e s . 

K. R e a c t i v i t y - p e r i o d C o n s t a n t s U s e d for 
R i s i n g - p e r i o d M e a s u r e m e n t s of 
Reac t iv i ty 

Fig. 112. Trends in Worths of Small 
Samples As Fuel Loadings 
Increased 

Ri s ing p e r i o d s w e r e u s e d in m e a s u r i n g 
the r e a c t i v i t y w o r t h s of s a m p l e s , c a l i b r a t i n g 
con t ro l e l e m e n t s , and m e a s u r i n g r e a c t i v i t i e s 
g e n e r a l l y . The r e a c t i v i t y a s s i g n e d to a given 
r i s i n g p e r i o d is a function of s e v e r a l c h a r a c 

t e r i s t i c s of the s y s t e m involved. F o r the r a n g e of p e r i o d s u s e d in t h e s e 
m e a s u r e m e n t s , the r e a c t i v i t i e s a r e d e t e r m i n e d by the following t e r m s , 
which a r e l i s t ed in the o r d e r of i m p o r t a n c e : 

1. Effective yield of delayed neutrons, fiei{, and the individual 
yields, fi-, associated with the precursor decay constants X^ among fission 
products that emit delayed neutrons. 

2. Effective yield of photoneutrons from (y.n) reactions in the 
beryllium reflector and in the trace of deuterium present in the H^O coolant. 
The photoneutron contribution is usually included with the delayed-neutron 
groups as added groups if significant. 

3. Prompt-neutron lifetinne. 

The fipff terms calculated for Assemblies 1, 2a, 2b, 3, and 4a fell 
in the range 0.00727 to 0.00716, as shown by Table XXXV. However, a 
single preliminary value of 0.00726 was used for all reactivity-period 
measurements reported. A review of the tabulated data indicated that this 
resulted in estimates of reactivity that were within 1.5%, relatively, of the 
values calculated using jSeff from Table XXXV. No photoneutron contribu
tion was included in the compilation; as a consequence, the experinnents 

TABLE XXXV. Oelayed-neutron Fractions Used In Reactlvlty-perlod Determinations 

Delay Group 
III 

1 
2 
3 
4 
5 
6 

Totals 

Decay Constant 
Hj. sec"' 

O0124 
00305 
0111 
0.301 
1.13 
3.00 

Preliminary^ 

0.0002397 
00015906 
0(X)W235 
00028689 
0,(X)08352 
00003050 
0007263 

Assembly 1 

00002400 
0001593 
0001425 
0002872 
00008362 
00003054 
OW7272 

Delayed-neutron Fractions, 3 j gjj 

Assembly 2a 

00002383 
0001582 
0001416 
0002853 
0.0008305 
0.0003033 
0.007222 

Assembly 2b 

00002391 
0001587 
0001420 
0.002862 
0.0008332 
00003043 
0007245 

Assembly 3 

0 0002381 
0001580 
0001414 
0002849 
0.0008296 
0.0003030 
0007214 

Assembly 4a 

0.0002362 
0001567 
0.001403 
0,002827 
0,0008230 
0,0003006 
0007156 

*See text for distinction between preliminary set and others. 
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were conducted so that periods as long as 100 sec generally were not en
countered, because of the increasing relative importance of photoneutron 
delay groups with increasing length of period. If the photoneutron contri
bution had been as large as was measured in the aluminvim cores of AHFR,' 
i.e., affecting Peff ^V '' factor of 1.12 to 1.16, the underestimation of r e 
activity using periods of 1 0 to 1 00 sec would have been 1 to 5% relatively. 
The photoneutron contribution was not readily measurable by methods s imi
lar to those used in AHFR, apparently because it was much smaller than in 
AHFR. An attempt was made to compare the reactivities indicated by the 
inverse-kinet ics code, using positive or negative step-input reactivities 
during on-line operation, to determine the significance of photoneutrons. No 
significant effect was found. The leakage of gamma radiation from the 
densely loaded stainless steel core of AARR was thought to be much less 
than from the AHFR aluminum core, and this might explain the negligible 
photoneutron level in AARR. 

Finally, the range of prompt-neutron lifetimes indicated by 
Table XXXIX, later , does not significantly affect the rising-period measure 
ments taken during these experiments, which were generally longer than 
10 sec. Prompt-neut ron lifetime measurennents are discussed in 
Section XI.A. 
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X. MEASUREMENTS OF TEMPERATURE COEFFICIENTS 
AND RADIAL-H2O VOID WORTHS 

A. Introduction 

Originally, only mild interest was evident in the tempera ture coef
ficient and the radial-void worth of the critical experiment because the 
calculated value for AARR had indicated satisfactory self-limiting behavior 
in the event of an accident. Only rough measurements of tempera ture coef
ficient were made with Assemblies 2a and 3, and none with Assembly 1. 
Results of these measurements indicated less effective tempera ture coef
ficients rather than the AARR calculated values that had been expected. 

We now believe that the use of aluminum top and bottom spacer 
plates (shown in Fig. 1) in the critical facility has caused a significantly 
larger expansion coefficient than would be found in a s imilar system con
structed entirely of stainless steel. Although no hazard resul ts from this, 
because the spacer plates would remain at the tempera ture of the surround
ing water during any accident, the isothermal measurements performed 
during critical experimentation cause the core to expand with the l inear-
expansion coefficient of aluminum, in the radial direction. The resulting 
coefficient is different from that expected for AARR, but an analysis in
dicates that the difference is reasonable. 

Because the temperature coefficient was not as great as expected 
over the range of temperature feasible in this facility, the equipment and 
procedures used for the measurements had to be improved. 

Variations in blade worths were suspected during the t empera tu re -
coefficient measurement in Assembly 2a, but it was not feasible to reca l i 
brate the blades at temperatures much above room tempera ture , because of 
the condensation of water vapor on the high-voltage and signal leads from 
the flux detectors at elevated temperature . The length of runs was limited 
by frequent sc rams . This difficulty was eliminated during the experiments 
in Assembly 3, and some recalibration was done with and without massive 
voids in the ITC at two different temperatures . The variations in blade 
worth with temperature are discussed in Section IX.E for measurements 
in Assemblies 3, 4a, and 5. 

Presence of fuel extending above the water level during water- level 
criticals and the stationary nature of the beryllium reflector cast some 
doubt on the reliability of measurements of temperature coefficients by 
critical water height, with all blades withdrawn. The eventual outcome was 
in reasonably good agreement between the corrected measurements obtained 
by control blades and the results of the water-level measurements . 
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B. Results of Temperature-coefficient Measurements with the ITCs Flooded 

Temperature coefficients were measured under isothermal conditions 
obtained by using an external water heater and by st irr ing the reflector and 

Dderator water with a 3-hp e lectr ic-motor-dr iven mixer while waiting until 
ifornn temperatures were indicated by thermocouples placed in the core 

and reflector. Reactivity changes were measured by rising-period calibra
tions of the worth of the HjO level at or near the critical level, with all con
trol blades withdrawn, and also by calibration of the critical control-blade 
configurations with water raised to provide a thick top reflector. The shape 
of the plot of temperature coefficient versus temperature is not shown ac
curately by the blade configurations because the calibrations changed with 
temperature . Only a few points were obtained for which k̂ ^̂  was measured 
by recalibration of the control blades at elevated temperature. 

Figures 113-116 are plots of reactivity trends versus temperature 
for Assemblies 2a, 3, 4a, and 5, respectively. Although several differences 
in blade configurations were tried, there is no great difference in the trends 
obtained. The measurements with banked control blades in Assembly 5 are 
similar to the expected AARR operating configurations. The apparent coef
ficient indicated by blade motion includes the change in reactivity of the core 
and the change in blade worths as the temperature was changed. The ap
parent coefficient will vary from time to time in AARR as the core cycle 
progresses , because of changes in blade configuration as fuel and poison 
burnout. 

Table XXXVl gives a rough comparison of the temperature coeffi
cients for these assembl ies . Extrapolation to AARR operating conditions 
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Fig. 113. Plots of Reactivity vs Temperature in Assembly 2a 
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TABLE XXXVI. Comparison of Measured Temperature Coefficients 
of Assemblies 2a, 3, 4a, and 5 

Coefficient at ~bS°C by Coefficient at -65''C by 
Assembly Water Level, Blade Configuration, 

No. Percent Reactivity per °C Percent Reactivity per °C 

2a -0.002 -O.OOg^''^''^ 
3 -0.005 -0.002^'<^ 

-0.003*' ' ' 
4a -0.002 -O.OOO*'*'''̂  
5 -0.003 -0.003<^'e 

-0 .006* e 

^Uncorrected blade calibrations obtained at room temperature. 
°In-core control blades used for measurement . 
' -Peripheral blades used for measurement . 
"Blade calibration obtained at ~65°C. 
^Banked in-core blades used for measurement. 

may not be justified using measurements taken in this limited range. All 
coefficients measured appeared to be negative in the vicinity of 65''C. but the 
Assembly 5 coefficient is positive in the region below 30''C, and some of the 
others are questionable in that region. 

C. Temperature-coefficient Measurement in Assembly 3 with Massive Void 
in ITC 

The installation of samples and fillers in the AARR may change the 
ITC water volume from time to t ime, as discussed in Chapter IV. and there
by affect the tempera ture coefficient. Measurements of isothermal temper
ature coefficients during experiments involving increased ITC void fractions 
were expected to indicate progressively more negative coefficients as the 
void fraction was increased. The reason for this is the change in ITC void 
worth from positive, below -50% void, to negative, at greater than -50% void 
as shown by Fig. 14 for the small ITC. If the density change of ITC water 
with temperature corresponds equally with the change in water density by 
voiding, the corresponding reactivity effect will change sign. Thus the ex
pansion of water in the ITC with increased tempera ture should be a signifi
cantly negative effect with the ITC voided more than 507o. 

The temperature coefficient was measured in Assembly 3 with an 
estimated 73.8% void in the ITC. Control-blade motion was almost twice as 
great as when the ITC was flooded. The room-tempera ture calibrations of 
the control blade were identical in this assembly, whether measured with the 
ITC voided or flooded. However, at elevated t empera tures , the calibrations 
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d i v e r g e d The b lade c a l i b r a t i o n with the ITC voided was only - 0 . 9 3 as g r e a t 
at 51 1°C as at r o o m t e m p e r a t u r e . (One void tube l e a k e d d u r i n g the s t a r t u p 
for th is r e c a l i b r a t i o n , which was ob ta ined with 69% ITC void . ) On the o h e r 
hand , the c a l i b r a t i o n with the ITC flooded showed the b lade w o r t h to be 1.U3 
t i m e s g r e a t e r at ~75°C than at r o o m t e m p e r a t u r e . Th i s i n c r e a s e in b l a d e 
wor th would tend to shut down the r e a c t o r if t h e r e had b e e n no c o m p e n s a t i n g 
w i t h d r a w a l of the con t ro l b l a d e . 

P l o t s of the t e m p e r a t u r e - c o e f f i c i e n t m e a s u r e m e n t s when the ITC was 
74% voided , and when flooded, a r e given by F ig . 117. Not only w a s t h e r e 
g r e a t e r mo t ion of the con t ro l b l ades when voided than when f looded, but t he 
b l ade c a l i b r a t i o n s changed so that the r e a c t i v i t y d i f f e r ence was g r e a t e r , 
r a t h e r than l e s s . (The effect of r e c a l i b r a t i o n when the ITC was f looded is 
s h o w n b y F i g . 114.) 

0 0 

0 1 

0 2 

\ r I I I I 
ITC FLOODED (ROOM TEMPERATURE 

CALIBRATION INTERIOR BLADE MEAS.) 

ITC 7 4 % VOIDED "~7~~^ - ~ , „ ^ 
(ROOM TEMPERATURE CALIBRATION/ 

INTERIOR BLADE MEAS.) 

l l l l l l 

1 1 i 
INTERPOLATION TO RECALIBRATED 
POINT WITH ITC FLOODED 

(SHOW BY FIG 114) 

• ^ _ 

~ " - - o - _, 

~ " ~ ~ f l EFFECT OF RECAUBRATION 
1 LwiTH ITC 6 9 % VOIDED _ 

1 1 1 

TEMPERATURE. "C 

113-1578 Rev. 1 

Fig. i n . Plots of Reactivity vs Temperature with 
ITC Voided and Flooded, in Assembly 3 

On the b a s i s of the m e a s u r e m e n t , it a p p e a r s that the ITC w a t e r 
vo lume is a s igni f icant fac tor in the i s o t h e r m a l t e m p e r a t u r e coef f ic ien t , 
and that the effect of voiding is qua l i t a t i ve ly the s a m e as p r e d i c t e d . 

D. M e a s u r e m e n t s of Rad ia l Void W o r t h s 

1. S imula t ion of S m a l l Voids by Teflon 

Smal l voids w e r e s i m u l a t e d by ins t a l l ing 1 . 2 7 - c m - d i a m Teflon 
r o d s in the ITC (as d e s c r i b e d in Sect ion IV.D) and by i n s e r t i n g 1 . 2 6 - c m -
wide by 0 . 0 8 1 - c m - t h i c k Teflon s t r i p s into the coolant c h a n n e l s of the fuel 
r eg ion to d i s p l a c e w a t e r . This was a con t inua t ion of the m e t h o d u s e d in the 
AHFR C r i t i c a l E x p e r i m e n t . ' 

The rods extended f rom 4 c m above to 4 c m be low the fuel r e 
gion, and the s t r i p s f rom - 4 c m above to - 2 c m be low the fuel r e g i o n . F i g 
u r e 8 shows the pos i t ion ing of the r o d s in the ITC. The Teflon s t r i p s w e r e 
bunched b e c a u s e they w e r e i n s e r t e d into the fuel r eg i o n t h r o u g h ho l e s in t he 
top s p a c e r p la te which c o r r e s p o n d to the l / 2 - i n . - d i a m d r a i n h o l e s i n d i c a t e d 
by Fig . 1. 
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The Teflon rods were shown to interact in the ITC by as much as 
8%, by reversing the sequence of withdrawal in Assembly 4a. No interaction 
was detected between the control blades and the simulated voids during the 
small void experiments . Interactions during massive ITC vo,d experiments 
are described in Sections IV.E and IX.E. 

Displacement of water by Teflon is not quite equivalent to dis
placement by air or steam voids, because of the presence of carbon atoms 
in Teflon. The calculated equivalence factor for the Assembly 4a (under-
moderated) fuel region' was 1.1 volumes of Teflon per volume of void. A 
factor that is very close to unity applies in the ITC because moderation by 
carbon is relatively inconsequential in comparison to moderation by water. 

Consequently these uncorrected measurements underestimate 
the reactivity of void in the fuel region water by about 10%. Only negligible 
e r ror is thought to have occurred, because of the use of Teflon instead of 
equally large void volumes in the ITC. The Teflon rods used in the ITC were 
rather large (1.27-cm diam), and there may have been a small e r ro r in the 
average worth measured therein, compared to genuine small void worths. 
The center rod alone was worth relatively about 8% less than when measured 
with the other four Teflon rods in place, during a radial-worth measurement 
in Assembly 4a. 

2. Volume-averaged Void Worths 

ITC void worths were measured in Assemblies 2a, 3, 4a, and 4b, 
and void worths in the fuel-region coolant space were measured in Assem
blies 1, 2a, 3, and 4a. Radial distributions through the fuel region were 
obtained only in Assemblies 3 and 4a. However, all the measurements were 
planned to yield volume-averaged void worths. 

Table XXXVII and Fig. 118 give the volume-averaged results 
for all the measurements . Extrapolation of the data for the fuel region 

TABLE XXXVII. A v e r a g e Void Worths (Small Void 
M e a s u r e m e n t at Room T e m p e r a t u r e ) 

Assembly No. ITC Void Worth** Fuel - reg ion Void Worth*' A s s e m b l y Average 

1 -0.159 
2a +0.044 -0 .228 -0 .184 
3 +0.044 -0 .190 -0 .146 
4a +0.040 -0 ,116 -O.Olh 
4b tO.O=.3 

*In pe rcen t r eac t i v i t y per pe rcen t of H.O d i s p l a c e d f rom the ITC by 1 . 2 7 - c m - d i a m Teflon r o d s . 
T h e s e m e a s u r e m e n t s w e r e m the s m a l l ITC having 100 cm^ a r e a of w a t e r , except for A s s e m 
bly 4b Values for A s s e m b l i e s 3 and 4b w e r e f rom T a b l e s XIII and XIV. Data for A s s e m b l y 4b 
have e s t i m a t e d e r r o r s of ±0.005^ those for A s s e m b l i e s 2a . 3 . and 4a have e s t i m a t e d e rrors of 
±0.002. 

>>In p e r c e n t r eac t iv i ty per pe rcen t of H , 0 d i s p l a c e d f rom the coolant channe ls by 1 .26-cm-wide 
by 0 . 0 8 1 - c m - t h i c k Teflon s t r i p s . 
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' I • I ' I ' I 

ITC MEASURED 

ITC COMPUTED \ 

fr:^ g—--.g.. . - - \ ^ 

FUEL REGION MEASURED 

FUEL REGION COMPUTED \ A 

s u g g e s t s that the void coeff ic ient m i g h t b e 
c o m e pos i t ive if the u r a n i u m loading w e r e 
i n c r e a s e d by - 2 5 % beyond tha t of A s s e m 
bly 4. A s i m i l a r t r e n d is ev iden t in 
F ig . 112, which ind ica ted both a r e d u c t i o n 
in w a t e r wor th and an i n c r e a s e in U 
wor th as the fuel loading was i n c r e a s e d 
f rom 810 to 1215 fuel fo i l s . 

U-239 LOADING, kg 

112-6542 

T h e a v e r a g e v o i d w o r t h f o r t h e I T C 

of A s s e m b l y 4b ( in p e r c e n t r e a c t i v i t y p e r 

p e r c e n t of v o i d i n t h e I T C v o l u m e ) i s l a r g e r 

t h a n f o r A s s e m b l i e s 2 a a n d 3 b e c a u s e of t h e 

l a r g e r I T C s i z e . T h e w o r t h s o f s m a l l v o i d s 

of a f i x e d s i z e a r e n e a r l y i d e n t i c a l i n t h e s e I T C s a n d t h e d i f f e r e n c e i n c o e f f i 

c i e n t s r e s u l t s m o s t l y f r o m n o r m a l i z i n g t o r e a c t i v i t y p e r p e r c e n t of I T C v o l u m e . 

Fig. 118. Average Void Wonhs in As
semblies 1, 2a, 3, and 4a 

3 . D i s t r i b u t i o n s of R a d i a l V o i d W o r t h s 

T h e r a d i a l d i s t r i b u t i o n s of v o i d w o r t h w e r e m e a s u r e d in t h e f u e l 

r e g i o n s of A s s e m b l i e s 3 a n d 4 a , a n d i n t h e I T C s of A s s e m b l i e s 2 a t h r o u g h 

4 b . T h e p u r p o s e of t h e s e m e a s u r e m e n t s w a s to i n v e s t i g a t e t h e t r a n s i t i o n 

r e g i o n s n e a r t h e i n n e r a n d o u t e r b o u n d a r i e s of t h e f u e l z o n e w h e r e t h e v o i d 

c o e f f i c i e n t c h a n g e s f r o m p o s i t i v e , i n t h e I T C a n d i n t h e r a d i a l r e f l e c t o r , t o 

n e g a t i v e , i n t h e fue l z o n e . T h e s e r a d i a l m e a s u r e m e n t s d i d n o t i n d i c a t e t h a t 

a n y s i g n i f i c a n t a r e a - w e i g h t i n g e r r o r h a d o c c u r r e d i n t h e v o l u m e - a v e r a g e d 

r e s u l t s r e p o r t e d in S e c t i o n 2 a b o v e . T h e t r a n s i t i o n s f r o m p o s i t i v e t o n e g a 

t i v e v a l u e s o c c u r r e d w i t h i n 

a v e r y s h o r t d i s t a n c e a l o n g 

t h e r a d i u s . A p p a r e n t l y t h e 

t r a n s i t i o n s t o o k p l a c e m o s t l y 

o u t s i d e t h e fue l r e g i o n , a s i n 

d i c a t e d b y F i g . 1 1 9 , w h i c h i s 

a p l o t of r a d i a l v o i d w o r t h f o r 

A s s e m b l y 3 . 

I^HEIGHT-ESTIMATED UNCERTAINTY IN MEASUREMENTS 
WIDTH* RADIAL EXTENT OF TEFLON IN EACH MEASUREMENT 

APPROXIMATE 
FUEL 

BOUNDARIES 

I I 
I I 
I I 

FUEL REGION 
I I BERYLLIUy 
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I 
I I 
I I 
li_L. 

If t h e l o a d i n g i s 

g r a d e d o r p o w e r - f l a t t e n e d s o 

t h a t b o i l i n g c o m m e n c e s f a i r l y 

u n i f o r m l y t h r o u g h o u t t h e fue l 

r e g i o n , t h e v o l u m e - a v e r a g e d 

c o e f f i c i e n t s h o u l d a p p l y . T h u s 

t h e r a d i a l d i s t r i b u t i o n w a s of 

n o i n t e r e s t i n t h e A A R R A s 

s e m b l y 5 , w h i c h h a d a g r a d e d 

fue l l o a d i n g . In t h e A H F R a l u m i n u m c o r e e x p e r i m e n t s , ' t h e r e g i o n of p o s i t i v e 

v o i d w o r t h e x t e n d e d i n t o t h e e d g e of t h e fue l z o n e , w h i c h w a s n o t g r a d e d , a n d i t 

w a s t h o u g h t t h a t i n s t a b i l i t y m i g h t a c c o m p a n y i n c i p i e n t b o i l i n g i n s u c h a s y s t e m . 

112-5727 

Fig. 119. Radial Dependence of Void Worth in Assembly 3 
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The distributions of radial void worth in the ITC of Assembly 4a 
was measured with two withdrawal sequences of the Teflon rods. As listed 
in Table XXXVIII, differences as large as 8% in relative worth occurred in 
Assembly 4a because of changing the central piece from first to last in the 
sequence of removal. This difference was attributed to interactions between 
the Teflon rods. 

TABLE XXXVIII, Distributions of Radial Void Worths 

AeBembly 
No. 

2a 

3 

4a 

4a 

3 

4 a 

Sample-
removal 

Sequence 

Last 
Fourth 
Third 
F i r s t 

Second 

Last 
Fourth 
Third 
F i r s t 

Second 

Last 
Fourth 
Third 
Second 
F i r s t 

F i r s t 
Second 
Third 
Fourth 

Last 

Radius, 
c m 

0.0 

1.59 
3.18 
4.58 (edge) 
5.33 (edge) 

0.0 

1.59 
3.18 
4.58 
5.33 

0.0 

1.59 
3.18 
4.58 
5.33 

0.0 

1.59 
3.18 
4.58 
5.33 

Fl 

6.67 
10.24 
14.85 
20.32 

5.74 
6.58 

10.09 
12.31 
15.11 
19.44 
22.47 

5.5b 
i.7^ 

Zl 1*-

Reactivity Change,* 

ITCs 

jel Reg 

% 

0.060 
0.060 
0.062 
0.059 
0.041 

0.059 
0.059 
0.061 
0.061 
0.039 

0.051 
0.051 
0.055 
0.059 
0.039 

0.055 
0.055 
0.053 

*D.055 
0.037 

ion 

Localized^ 
Void Coefficient. 

% per % Void in H,0 

0.047 
0.047 
0.049 
0.046 
0.032 

0.046 
0.046 
0.048 
0.048 
0.031 

0.040 
0.040 
0.046 
0.046 
0.031 

0.043 
0.043 
0.042 
0.043 
0.029 

-0.141 
-0.206 
-0.218 
-0.141 

-0.027 
-0.091 
-0.136 
-0.149 
-0.123 
-0.100 
-0.050 
+0.12'' 
-0 .03 ' ' 
T0.11'= 

^Reactivity loss measured on withdrawal of 1.27-cm-radius TeOon rod from small 
ITC containing 100-cm^ a rea of water space. 

' 'Approximate resul ts for single TeOon s t r ips positioned on the ITC side of an inner 
fuel plate (5.5 cm) and between an inner fuel plate and the one next farther out (5.7 cm). 

•-Approximate resul ts obtained in the per iphera l (or safety) blade slot. 
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In addition to the radial-worth data described in this chapter, 
the information on the worth of water and of plastic fillers in the beam 
tubes, and the change from Assembly 2a to 2b, might be used to indicate 
the radial worth of water or voids in the beryllium reflector. 

E. Estimated Effects of Thermal Expansion on Temperature Coefficient 

1 , Expansion of Core Structure with Temperature 

The volume expansion of the core was taken to be the sum of 
the linear coefficients in three directions. The height was controlled by 
the thermal coefficient of linear expansions of uranium or stainless steel, 
which is about 15 x lO'^/ 'C. The radius was controlled by the top and 
bottom aluminum spacer plates having a linear coefficient of about 24 x 
lO 'Y 'C . The volume coefficient is therefore the sum of (15 + 24-1-24)10"' or 
-63 x 10"y°C. 

Differential water-height measurements ranged from 0.09 to 
0.20% reactivity per centimeter of height near the top of the fuel. Since 
a centimeter of core height is about 2% of the core volume, a rough estimate 
of worth is therefore 0.07 ± 0.03% reactivity per percent of core volume. 

Multiplying the reactivity per percent volume by the volume 
expansion coefficient yields the reactivity coefficient of s t ructural expansion, 
or approximately 0.0005 ± 0.0002% reactivity per °C in these assembl ies . 

2. Expansion of Water with Temperature 

The combined reactivity coefficient of water volume and s t ruc
tural expansion is positive up to a temperature at which the two effects 
cancel, and negative above that temperature . This resul ts from the in
creasing volume-expansion coefficient of water with increasing tempera ture . 
(The coefficient is negative below ~4°C.) 

From Table XXXVII, the range of average void worths is -0.076 
(for Assembly 4a) to -0.181 (for Assembly 2a) percent reactivity per percent 
of water volume. Taking these two values, we calculate the tempera tures at 
which the reactivity effects of expansion cancel, as well as expansion tem
perature coefficients at 65°C corresponding with those given by Table XXXVI. 
Cancellation occurs at 45°C or higher for Assembly 4a, and between 20 and 
40°C for Assembly 2a. The temperature effect at 65°C is small but probably 
negative for Assembly 4a, and about -5 x 10"*% per °C for Assembly 2a. 
(Water densities were taken from Ref. 25.) 
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3. Conclusions 

The foregoing resul ts are in reasonable agreennent with 
Figs. 113 and 115 and Table XXXVI. This suggests that the expansion of 
water and of s t ructura l nnembers with temperature provides practically 
all the tempera ture coefficients of these assemblies . The expansion of 
the core in the cr i t ical facility was exaggerated by the use of aluminum 
spacer plates at the top and bottom. Stainless steel spacer plates would 
have reduced the s t ructura l expansion coefficient by about a third, and 
would have increased the magnitude of the temperature coefficient at 
65°C by about 2 x 10-''% per °C. 
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XI. MISCELLANEOUS MEASUREMENTS 

A. M e a s u r e m e n t of P r o m p t - n e u t r o n L i f e t ime by R o s s i - a l p h a T e c h n i q u e 

P r o m p t - n e u t r o n l i f e t ime (ip) was m e a s u r e d to c o n f i r m the m e t h o d 
of c a l cu l a t i ng the l i fe t ime in the m u l t i r e g i o n AARR s y s t e m as i nd i ca t ed by 

F i g . 120. Both the i m p o r t a n c e and the 
m o d e r a t i n g r a t i o v a r y r a d i c a l l y in d i f f e r 
ent r eg ions such as the I T C , the g r a d e d 
fuel r eg ion , and the b e r y l l i u m r e f l e c t o r . 
The p r o m p t - n e u t r o n l i f e t ime af fec ts the 
t r a n s i e n t behav io r of a r e a c t o r , p a r t i c u 
l a r l y dur ing p r o m p t c r i t i c a l e x c u r s i o n s ; 
hence a c c u r a t e va lues a r e n e e d e d for 
acc iden t a n a l y s e s . 

© 

I 

BERYLLIUM REFLECTOR 

112-9157 

Fig. 120. Top View of AARR Critical Facility 

T a b l e X X X I X l i s t s v a l u e s of t h e 

m e a s u r e d p r o n n p t - n e u t r o n l i f e t i n n e (ip) 

a l o n e w i t h c a l c u l a t e d v a l u e s of e f f e c t i v e 
6 / 

d e l a y e d - n e u t r o n f r a c t i o n s and c o n t r o l / 
s a f e t y - b l a d e c o n f i g u r a t i o n s . The m e a 
s u r e d va lues of l,p w e r e d e t e r m i n e d by 
us ing the following equa t ion : 

- \ 1 - k + 'eff • ^ k + ^eff 
(14) 

which inc ludes the u sua l c o r r e c t i o n for s u b c r i t i c a l i t y . The cho i ce of 
c o n t r o l / s a f e t y - b l a d e conf igura t ion had a s ign i f ican t effect (on the p r o m p t -
n e u t r o n l i f e t ime of the s y s t e m ) b e c a u s e the p e r i p h e r a l b l a d e s t ended to 
decouple p o r t i o n s of the b e r y l l i u m r e f l e c t o r f rom the r e m a i n d e r of the 
a s s e m b l y . 

TABLE XXXIX. Summary of Measurements of Prompt-neutron 
Lifetimes in AARR Critical Facility 

As sembly 
N o . 

1 

2 b 

3 

4 a 

4 b 

5 
5 

Calcu la ted 

Peff^ 

0.00727 
0.00721 
0.00718 
0.00712^1 
0.00712*' 
0 .00712 ' ' 
0.00712*' 

P r o m p t - n e u t r o n 
L i f e t ime , fisec 

39.5 ± 1.0 
33.0 ± 2.0 
31.9 ± 2.0 
26.7 ± 1.0 
27.8 ± 2.0 
33.7 ± 2.0 
22.3 ± 2.0 

N u m b e r and Type of 
Cont ro l B lades I n s e r t e d 

dur ing E x p e r i m e n t 

0.3 i n t e r i o r 
2.5 p e r i p h e r a l 
2.3 p e r i p h e r a l 
2 .0 p e r i p h e r a l 
2 .3 p e r i p h e r a l 
3.6 i n t e r i o r 
3.3 p e r i p h e r a l 

^Taken f rom Ref. 6. 
'^Assumed to be equivalent to 1215/2000 loading of Ref. 6. 
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Subcritical operation, typically with a Ak of about -10"^, was neces
sary to avoid obscuring the corre la ted counts by uncorrelated (or randomly 
occurring) counts. The normal startup source level gave a count rate which 
was nnuch too high for use in measurement of a, and the startup source was 
withdrawn far enough to lower the count rate by about two decades, during 
these measurements . 

B. Pulsed-neutron Measurements 

LUCITE SUPPORT RODS 

BASE PLATE 

HIGH VOLTAGE 
TERMINAL DOME 

ACCELERATING TUBE 

A p u l s e d - n e u t r o n g e n e r a t o r was ins t a l l ed in the Z P R - 5 cel l for a 
s e r i e s of e x p e r i m e n t s with the AARR C r i t i c a l F a c i l i t y . F i g u r e 121 shows 

i ts loca t ion on the ma in suppor t 
p l a t f o r m d i r e c t l y above the c r i t i c a l 
fac i l i ty . M e a s u r e m e n t s w e r e m a d e 
with the t a r g e t ju s t above the c o r e , 
as shown in F i g . 121, and with the 
t a r g e t i n s e r t e d into the ITC to the 
m i d p l a n e of the c o r e by us ing a 
longer dr i f t tube . With m i n o r 
mod i f i ca t i ons , the g e n e r a t o r could 
be r e m o v e d f rom its pos i t ion above 
the r e a c t o r and se t up for o p e r a 
tion in a hor izon ta l pos i t ion . 

The neu t ron g e n e r a t o r 
o p e r a t e s at po t en t i a l s up to 150 kV 
and u s e s an r f - type ion s o u r c e . 
With a deu te ron b e a m and a t r i t i u m 

• ta rge t , n e u t r o n s a r e p roduced with 
e n e r g i e s of a p p r o x i m a t e l y 14 MeV. 
The m a x i m u m b e a m c u r r e n t at the 
t a r g e t with a d i s t a n c e of 10.5 ft 
f rom the end of the a c c e l e r a t i n g 
tube to the t a r g e t is a p p r o x i m a t e l y 
0.5 mA. The neu t ron yield at 
150 kV and 0.5 mA is e s t i m a t e d to 
be 5 x 10'° n e u t r o n s / s e c . The neu 
t ron g e n e r a t o r is equipped with 
p r e - and p o s t a c c e l e r a t i o n pu l s ing , 
p rov id ing a v e r y low b e t w e e n - p u l s e 

n e u t r o n - p r o d u c t i o n r a t e . The width of the b e a m p u l s e s is cont inuous ly v a r i 
able f r o m 1 ^ s e c to 5 s e c , c o m p a t i b l e with a p u l s e - r e p e t i t i o n r a t e cont inu
ous ly v a r i a b l e f r o m 5 x 1 O' p u l s e s p e r sec to one pu l se e v e r y 10 sec and a 
m a x i m u m duty c y c l e of 90% in p u l s e d o p e r a t i o n . T h e r e i s a l s o p r o v i s i o n for 
e x t e r n a l t r i g g e r i n g of the p u l s i n g s y s t e m , thus p e r m i t t i n g nonpe r iod i c p u l s 
ing, wh ich would be of va lue for p s e u d o r a n d o m i m p u l s e r e s p o n s e s t u d i e s , 
for e x a m p l e . 

112-9164 
Fig. 121. Sectional View of AARR Critical Facility 

Showing Reactor and Pulsed-neutron Generator 
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F i g u r e 122 is a b lock d i a g r a m of the pu l s ing and t i m e - a n a l y s i s 
s y s t e m . The p r e - and p o s t a c c e l e r a t i o n p u l s i n g s y s t e m s o p e r a t e s i m u l t a 
neous ly to m i n i m i z e the b e a m c u r r e n t be tween p u l s e s . The d e u t e r o n b e a m 
IS a l lowed to r e a c h the t r i t i u m t a r g e t only du r ing the t i m e i n t e r v a l b e t w e e n 
the ini t ia l and final p u l s e s f rom the T i m i n g P u l s e G e n e r a t o r . The final p u l s e 
was a l so used as the s t a r t s ignal for the t i m e a n a l y z e r . S igna l s f r o m a n e u 
t ron d e t e c t o r in the r e a c t o r w e r e ana lyzed in t i m e r e l a t i v e to th i s s t a r t 
s igna l , which co inc ided with the t r a i l i ng edge of the a c c e l e r a t o r b e a m p u l s e . 
A 400-channe l a n a l y z e r p rov ided m e m o r y and r eadou t e q u i p m e n t . The t i m e 
i n t e r v a l c o v e r e d by a " s w e e p " of the a n a l y z e r is equal to the p r o d u c t of the 
n u m b e r of channe l s (400) and the p r e s e l e c t e d channel width. F o r th i s s e t of 
e x p e r i m e n t s , channel widths of 16, 20, 40, and 80 fisec w e r e u s e d . 
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Fig. 122. Schematic Diagram of Time-analysis System 

The ini t ia l p h a s e of o p e r a t i o n was d i r e c t e d t o w a r d f a m i l i a r i z a t i o n 
and debugging. This was followed by a s e r i e s of e x p l o r a t o r y m e a s u r e m e n t s . 
The f i r s t of t h e s e m e a s u r e m e n t s was to d e t e r m i n e which c o m b i n a t i o n s of 
pu l s e width, r epe t i t i on r a t e , b e a m c u r r e n t , and g e n e r a t o r vo l tage would be 
compa t ib l e with n o r m a l r e a c t o r o p e r a t i o n . Different d e t e c t o r types w e r e 
c o m p a r e d , and the effect of d e t e c t o r loca t ion was s tud ied . A s e a r c h for 
fundamental m o d e s was m a d e with d i f ferent c r i t i c a l c o n f i g u r a t i o n s . The 
nnagnitude of h i g h e r - o r d e r m o d e s was d e t e r m i n e d in d i f fe ren t l o c a t i o n s in 
o r d e r to a s c e r t a i n the op t imum d e t e c t o r loca t ion for d i f fe ren t m e a s u r e m e n t s . 
D a t a - a n a l y s i s p r o g r a m s w e r e developed c o n c u r r e n t l y . 
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Four types of neutron detectors were used in the pulsed nneasurements: 

1. BF3 proportional counter, 1-in. diam, 2-in. active length, 
65-cm-Hg filling p re s su re , 

2. BF3 proportional counter, 1-in. diam, 15-in. active length, 
120-cm-Hg filling p re s su re , 

3. BF3 proportional counter, 0.5-in. diam, 6-in. active length, 
140-cm-Hg filling p res su re , 

4. U fission chamber, 0.5-in. diam, 1-in. active length. 

Although the detection efficiency varied over a wide range, there was no 
indication that any of the resul ts were dependent on detector type. 

Figure 123 shows the decay of the neutron population at three loca
tions in the reactor . Figure I 23a was obtained with the neutron detector at 
the center of the ITC, Fig. 123b was obtained with the detector at the flux 
peak in the beryllium reflector, and Fig. 123c was obtained with the detector 
at the outer edge of the beryllium. These locations are shown as A, B, and 
C, respectively, in Fig. 120. For these three runs, control blades 1-6 were 
fully withdrawn and blades 7-12 were fully inserted. The tritiunn target was 
at the centerline of the reactor 14 in. above the midplane of the core. 

~ 1 I I \ 
NEUTRON DETECTOR AT 
CENTER OF ITC 

6 8 10 
TIME, msec 

112-9398 Rev. 1 

Fig. 123. Response Curves a, b. and c (Left to RighO for Detector Positions 

The so l id l i n e s in F i g . 123 r e p r e s e n t l e a s t - s q u a r e s fits to the ex
p e r i m e n t a l da t a , a s s u m i n g a s ing le exponen t i a l d e c a y af ter an a p p r o p r i a t e 
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waiting t ime. The decay constants were consistent within 1%. The t ransien 
response, on the other hand, is significantly diiferent in each of the three 
locations. A detector location near B seems to be desirable for fundamental-
mode measurements because of the small contribution of t ransients to the 
decay in this region 

In most runs, after subtraction of background (predominantly delayed 
neutrons), the resulting data indicated an asymptotic exponential decay. For 
the far subcritical case in which all control rods were inserted, the exist
ence of a pure exponential decay was not definitely established. 

As observed in the Rossi-alpha experiments, decay constants were 
more sensitive to peripheral control-blade position than to interior control-
blade position. Again, this is attributed to the fact that neutrons returning 
to the fuel region from the beryllium reflector tend to have relatively long 
lifetimes and thus tend to increase the average prompt-neutron lifetime of 
the reactor. Control elements that preferentially remove "older " neutrons 
from the reactor have a strong influence on the rate of decay of the neutron 
population in the reactor. 

Digital-computer programs were developed to correc t the t ime-
analyzer data for dead-time losses and to estimate and subtract background 
Final data fitting was done with PHY-141 . which uses the variable metr ic 
method for minimization^ in performing leas t -squares fitting to one or 
more exponentials plus background. Subroutine FCN of PHY-141 was modi
fied to include a channel-dropping option. This option permits one to suc
cessively drop any ntimber of data channels from the beginning of the decay 
curve and then refit the data to an exponential decay Such an option is useful 
for eliminating e r ro r s in the evaluation of the asymptotic decay constant by 
detecting the presence of t ransients . 

C Measurement of Gamma-radiation Heating by Thermolunninescent 
Dosimetry 

Gamma-radiation heating is a major factor in the cooling requ i re 
nnents of the AARR reflector sind shielding. Although thermoluminescent 
dosimetry (TLD) had not been used previously in crit ical experiments, this 
technique was judged to be the most appropriate method available for map
ping the gamma-radiation heating at power levels obtainable in the cr i t ical 
experiment, which was limited to no more than 300 W total (fission) power 
in the core. The heating rate was of the order of 10'"°C/hr, which was too 
small for accurate calorimetry, but quite adequate for irradiation of thermo
luminescent powder. 

The TLD measurements nnade in the critical experiment a re only 
summarized here. The method and the results obtained are reported 
separately.^' 
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The developnnent of nnaterials equipment, and procedures suitable 
for measurements in the cri t ical experiment was necessary in order to avoid 
difficulty with neutron activation, contaminants, and other 'omplications. 
The phosphor used for the TLD measurements was manganese-activated 
calcium fluoride (CaF Mn). which, as was confirmed by experiments in the 
course of this work, yielded resul ts that were not significantly perturbed by 
any effects due to either slow- or fas t - reactor neutrons The irradiations 
were performed with the powdered phosphor in thin layers surrounded only 
by the material in which gamma-ray heating was to be measured The 
Bragg-Gray theory of cavity ionization^"'^" was used in analyzing the data. 

The absolute dose rates were determined by comparing the TLD sam
ples with standards composed of phosphor fronn the sanne batch, exposed in 
a calibrated Co gamma-ray irradiation facility 

A correct ion factor is needed to allow for the difference in gamma-
ray spectra between the calibration facility and the critical assembly The 
correction was determined ennpiric ally, for a position in the beryllium re 
flector 10 cm from the core, in an experiment in which the response of TLD 
sannples was compared with that of an ion-current chamber both in the Co 
irradiation facility, and in the crit ical assembly For the position at which 
the measurennent was made, the factor was 1.20 ± 0 12 All TLD measure
ments in the reactor were corrected by this factor, which would be expected 
to vary sonnewhat with the point of measurement, but the uncertainty in this 
correction is a small part of the overall experimental e r ror . 

The factor thus determined included any sensitivity to neutrons, but 
on the basis of calculations and other experiments we concluded that for 
this method, any such sensitivity was small 

The result of the above experiment indicated that the gamma spec
trum in the beryllium reflector of the reactor near the core had an appre
ciable low-energy component, in qualitative agreement with calculations 

Other experiments indicated that local heating in the beryllium near 
the core was a function of the nearby fuel-plate orientation, presumably 
because of gamma-ray streaming in the water channels 

As one of the major experimental precautions, it was found necessary 
to avoid exposing the phosphor to humidity To drive off moisture, the phos
phor was baked for a few hours at about 400°C shortly belore use Also, for 
irradiation, the powder was enclosed in capsules ol the material under in
vestigation, and the capsules were closed by O-ring seals 

Among the heating-rate measurements made in the crit ical assembly 
were radial t r ave r se s outward from the core, t raverses along the walls of 
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beam tubes; vertical t raverses in the ITC; and heating rates and gradi
ents at the planned location of the wall of the p ressu re vessel . 

Relative measurements were typically reproducible to within 5 or 
10%. The absolute measurements were subject to an additional uncertainty 
of ±15% in the determination of the reactor power, and there was also the 
uncertainty in the spectrum correction factor, amounting to ±10% at the 
point where the factor was measured. The experimental program was d is 
continued before this factor was determined more accurately or at more 
locations. When the e r ro r s were combined quadratically, the net uncertainty 
in the absolute measurements ranged from ~20% near the core to ~35% at 
a 48-in. radius. Further improvements in the TLD technique could reduce 
these uncertainties somewhat, but the principal source of e r r o r - - t h e power 
calibration--was unrelated to TLD. 

These measurements were in a 
pared with the present AARR design, ai 
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Fig. 124. Measured and Calculated Gamma 
ray Heating outside the Core 

r e f l e c t o r that is u n d e r s i z e d c o m -
ind ica ted in Sect ion VI I I .F . The 

da ta a r e useful to ind ica te the 
a c c u r a c y of c o m p u t a t i o n a l m e t h o d s , 
but cannot be ex tended to the d e 
ta i led r e f l e c t o r m o c k u p unt i l e x 
p e r i m e n t a t i o n is r e s u m e d . 

The g a m m a - r a y h e a t i n g 
r a t e s to be expec t ed in the c r i t i 
ca l faci l i ty w e r e c a l c u l a t e d by 
McAr thy and Shaf tman, u s i n g 
s impl i f ied g e o m e t r y and the c o m 
pu te r p r o g r a m MAC. A h o m o 
geneous c o r e wi th a flat p o w e r 
d i s t r i bu t i on was a s s u m e d . The 
ca l cu l a t ed hea t ing r a t e as a func
tion of r a d i a l d i s t a n c e f r o m the 
ou te r edge of the fuel i s p lo t t ed 
in F ig . 124 a long wi th the r e s u l t s 
of some of the m e a s u r e m e n t s . 

R e f e r e n c e 27 c o n t a i n s the 
de ta i l s of t h e s e m e a s u r e m e n t s , 
and Refs . 31 and 32 con ta in gen -

0 e r a l d i s c u s s i o n s of t h e r m o l u m i 
n e s c e n t d o s i m e t r y . 

The e x p e r i m e n t a l e r r o r s 
indica ted in F i g . 124 r e p r e s e n t 
the e s t i m a t e d r e p r o d u c i b i l i t y of 

the TLD m e a s u r e m e n t s . The e x p e r i m e n t a l c u r v e is a l s o sub jec t to a s y s 
t e m a t i c c a l i b r a t i o n and s p e c t r u m - c o r r e c t i o n u n c e r t a i n t y , as m e n t i o n e d 



153 

above. Thus there is some indication of disagreement between calculation 
and experiment in the beryllium region. The discrepancy is worse for the 
water outside the berylliunn. However, the heating rates calculated by some 
other codes, which have recently become available, indicate that the MAC 
results are too high and otherwise inconsistent . ' ' Thus the significance of 
the calculated curve in Fig. 124 is questionable. Also, the entire experi
mental curve is based on a single power calibration. Time did not permit 
nnore experiments to confirnn the resu l t s . Indicative of what might have been 
found are the two extra points plotted at the position of the pressure-vesse l 
wall, which come from two different, independently calibrated measurements. 
Although the consistency of the three measurements at that position is not as 
good as one would like, the scatter is not incompatible with the experimental 
calibration uncertaint ies . The three measurements were made at different 
azimuthal locations; how much difference this would make is not known. 

D. Experiments to Confirm Loading Predictions 

SUBASSEMBLY 
DESIGNATION CONTROL BLADE NO 

The e a r l y load ings w e r e left in the a s s e m b l y until enough fuel had 
been r e c e i v e d for r e l o a d i n g to the next h e a v i e r loading dens i ty d e s i r e d . The 
d e l i v e r y of fuel was by r e l a t i v e l y s m a l l quan t i t i e s in s c a t t e r e d s h i p m e n t s , so 
that enough w a s a v a i l a b l e to r e l o a d a few s u b a s s e m b l i e s long before the 
e n t i r e c o r e could be r e l o a d e d . This p e r m i t t e d t e s t s with one or two heavi ly 
loaded s u b a s s e m b l i e s . An effort was m a d e to conf i rm the p r e d i c t e d loading 
of A s s e m b l y 4a in a d v a n c e , b e c a u s e of the long lead t i m e r e q u i r e d in o r d e r 
ing fuel, if m o r e should be n e e d e d . 

A heav i ly loaded s u b a s s e m b l y was subs t i tu t ed for va r ious s t a n d a r d 
s u b a s s e m b l i e s to m e a s u r e the gain or loss in r eac t iv i ty to be expec ted for 
such a loading c h a n g e . The combina t ion 6f the s u b a s s e m b l y da ta with that 

f rom sma l l s a m p l e s (see Sect ion IX.J ) 
a p p e a r e d to p e r m i t r e a s o n a b l y a c c u r a t e 
p r e d i c t i o n s of loading r e q u i r e m e n t s . 
T h e s e p r e d i c t i o n s w e r e in good a g r e e m e n t 
with ca l cu l a t ed va lues , and a l so with the 
fully loaded c o r e s which w e r e a s s e m b l e d 
l a t e r . 

In A s s e m b l y 2a, a s u b a s s e m b l y 
conta in ing 27 fuel foils and 54 boron s t a i n 
l e s s s t ee l s t r i p s (des igna ted a 2 7 / 5 4 type 
s u b a s s e m b l y ) was exchanged with c e r t a i n 
of the r e g u l a r l y loaded 14/10 or A- type ) 
s u b a s s e m b l i e s . The r e s u l t s of t h e s e s u b 
s t i t u t i ons a r e given by F i g . 125, which 
shows the pos i t i ons t e s t e d . Dur ing t h e s e 

113-1577 s u b s t i t u t i o n s , con t ro l b l ade No. 1 was 
,^,^ e n t i r e l y w i thd rawn and No. 2 was fully 

Fig. 125. LOSS of Reactivity When a 2y54Type affecting the w o r t h s at n e a r b y 
Subassembly Replaced an A Type UIBCI , s 
14/10 Subassembly in Assembly 2a p o s i t i o n s . 
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A-TYPE! (14 FUEL FOILS AND 10 BORON STRIPS) 

8 - T Y P E : (13 FUEL FOILS AND 8 BORON STRIPS) 

CONTROL BLADE NO. 

\ 

% REACTIVITY 

STAINLESS STEEI 
DUMMY ASSEMBLY 

113-1576 
Fig. 126. Gain of Reactivity When a 27/27 Type 

Subassembly Replaced an A or B Type 
in Assembly 2a 

To m a k e a heav i ly l o a d e d s u b 
a s s e m b l y f r ee ly a v a i l a b l e for f u r t h e r 
t e s t i n g , a s t a i n l e s s s t e e l d u m m y s u b 
a s s e m b l y ( i . e . , con ta in ing s t a i n l e s s 
s t ee l foi ls i n s t e a d of fuel and b o r o n 
s t a i n l e s s s t e e l ) was loaded into A s s e m 
bly 2a . The s u b a s s e m b l y o r i g i n a l l y in 
that pos i t i on was r e l o a d e d wi th 27 fuel 
fo i l s , 27 bo ron s t a i n l e s s s t e e l f o i l s , 
and 27 s t a i n l e s s s t e e l fo i l s . Thus only 
half as m u c h n a t u r a l bo ron (14.05 g) 
was p r e s e n t as had been u s e d in the 
m e a s u r e m e n t s ind ica ted by F i g . 125. 
F i g u r e 126 gives t h e s e m e a s u r e n n e n t s , 
and Tab le XL c o m p a r e s the r e s u l t s in 
the two f i g u r e s . Among the d i f f e r e n c e s 
affecting the c o m p a r i s o n was the u s e of 
con t ro l b l a d e s No. 4, 5, and 6 r a t h e r 
than No. 2, with s o m e shadowing of the 
s u b a s s e m b l y d e s i g n a t e d No . 3 by the 
p a r t i a l i n s e r t i o n of b l ade No . 6. 

TABLE XL. Worth of Added Boron S t r i p s 

P e r c e n t React iv i ty by Loca t ion N u m b e r s 

1 3 4 6 7 

54 Boron S t r ip s /Z7 Fuel Foi l s -0.560 -0 320 -0.455 -0 .210 -0 .157 -0 .437 
27 Boron S t r i p s / 2 7 Fuel Foi l s 0.196 0 085 0.178 0.157 0.146 0.120 
Difference 0.756 0.405 0.633 0.367 0 303 0.557 

F i g u r e 127 ind ica tes the w o r t h 
of 27 b o r o n - s t a i n l e s s s t ee l foils and 
the n u m b e r e s t i m a t e d by p r o p o r t i o n 
a l i ty to m a t c h the r e a c t i v i t y of a 27 -
fuel-foi l s u b a s s e m b l y to the Type A or 
B s u b a s s e m b l i e s in A s s e m b l y 2 a . This 
n u m b e r r a n g e d f rom 33 to 40, with an 
a v e r a g e of 35^ . 

F r o m t h e s e m e a s u r e m e n t s we 
e s t i m a t e d that Assennbly 4a should con
s i s t of fo r ty - f ive 27 /36 type s u b a s s e m 
b l i e s , r e s u l t i n g in a 121 5/1620 a s s e m b l y 
loading . This was about 2% l e s s r e a c 
t ive than A s s e m b l y 2b, but p a r t of t h e 
l o s s in r e a c t i v i t y r e s u l t e d f rom a dif
f e r e n c e in fuel weight and f rom the 
addi t iona l b o r o n - s t a i n l e s s s t e e l . The 
loading of A s s e m b l y 4a would have 

EST NO B-SS REQUIRED FOR MATCH 

,1 OF 27B-SS 

Estimated Numbers of Boron-Stainless 
Steel Pieces for Reactivity Matching 
of 27-fuel-foil Subassembly to A or 
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contained about 260 g more U if the average weight of the fuel foil were 
as heavy as that of the 27 fuel foils used for this nneasurement. With the 
uranium worth from Table XXXIV as a guide, this accounts for about a 
fourth of the discrepancy. The extra half boron-stainless steel piece per 
subassembly accounts for another fourth. 

The actual selection of 1620 boron-stainless steel foils for Assem
bly 4a was influenced by the loading pattern for 36 boron-stainless steel 
pieces per subassembly, which was more uniform and convenient than for 
35 or 37, as examples. 

E. Fast-neutron Yields from Beam Tubes 

1. Measurement of the Fast-neutron Yield of a Tangential Beam 
Tube 

•CORNERS OF CORE 

T h e f a s t - n e u t r o n c o m p o n e n t of the b e a m f rom a r e s e a r c h r e 
a c t o r l i m i t s s o m e e x p e r i m e n t s , b e c a u s e of fas t r e a c t i o n c r o s s s e c t i o n s o r 
s u s c e p t i b i l i t y to r a d i a t i o n d a m a g e . The fast flux was m e a s u r e d in A s s e m 
bly 3 us ing the No . 3 b e a m tube (10.16 c m sq) indica ted by F i g . 82. F i g u r e 128 

shows the flux d e t e c t o r pos i t ion , the lead 
sh ie ld ing about the d e t e c t o r , and the p o s i 
t ion of the b e r y l l i u m f i l ler in the b e a m tube . 
F o r th is e x p e r i m e n t , the b e a m tube was ex-

l ^ k - - A . U V W u p i . riLLSR 'I ' e n d e d by the addi t ion of a th imble of the 
l ^ ^ nl s a m e s i z e . 

A p r o t o n - r e c o i l coun te r was p laced 
as shown by F ig . 128. N e u t r o n s f rom the 
b e r y l l i u m f i l le r p a s s e d through a compound 
c o l l i m a t o r ( see i n s e r t of F i g . 83) and w e r e 
incident upon the coun te r as shown. The 
front c o l l i m a t o r hole was 1 in. in d i a m e t e r 
and was c o v e r e d with c a d m i u m foil b lack to 
t h e r m a l n e u t r o n s . The r e a r c o l l i m a t o r hole 

was 1.5 in. in d i a m e t e r , and the coun te r was c e n t e r e d on the axis of the 
c o l l i m a t o r . A sol id f i l l e r was u s e d to e s t i m a t e the s o u r c e of n e u t r o n s f rom 
the c r i t i c a l fac i l i ty not a s s o c i a t e d with the c o l l i m a t o r hole (-25%). S p e c t r a 
shown r e p r e s e n t the d i f f e rence be tween the two conf igu ra t ions . 

A 1-in - t h i c k p i e c e of p o l y s t y r e n e was p l aced aga ins t the b e r y l 
l i u m face of the b e a m - t u b e plug, and a m e a s u r e m e n t m a d e f rom 100 keV to 
2 MeV The p o l y s t y r e n e was r e m o v e d , the b e r y l l i u m was moved toward the 
c o l l i m a t o r so that the d i s t a n c e f r o m the face of the s c a t t e r e r to the c o l l i 
m a t o r was m a i n t a i n e d at 6.75 in. , and ano the r s p e c t r u m was taken . F i g -
u r e 129 shows the two s p e c t r a . 

113-1580 
Fig. 128. Positionof Detector, Collimator, 

and Through Tube during Mea
surement of Fast-neuoon Yield 
for Tangential Beam Tube 
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Fig. 129. Yields of Fast Neutrons for 

Tangential Beam Tubes 

No c o r r e c t i o n s for v a r i o u s d i s t o r 
t ion effects to the s p e c t r a w e r e m a d e . 
The p o o r da ta (due chief ly to a bad g a m m a -
t o - n e u t r o n r a t i o ) does not w a r r a n t t h e s e 
c o r r e c t i o n s , which would p r o b a b l y a m o u n t 
to l e s s than s t a t i s t i c s . 

The f a s t - n e u t r o n c o m p o n e n t is only 
mi ld ly inf luenced by the p o l y s t y r e n e p lug 
over the e n e r g y r eg i o n c o v e r e d . The to t a l 
n e u t r o n in t ens i ty f rom 0.1 to 2 MeV is 
about 130/cm^ sec at the p o w e r l eve l u s e d 
for the e x p e r i m e n t , which was e s t i m a t e d 
at 0.1 W. The t h e r m a l - n e u t r o n flux was 
roughly double the fas t flux. 

This m e a s u r e m e n t was h a m p e r e d 
by the l imi t ed flux l eve l a v a i l a b l e f r o m 

the c r i t i c a l faci l i ty , which r e s u l t e d in pos i t ion ing the d e t e c t o r c l o s e to the 
r e a c t o r . O t h e r w i s e m o r e gannma shie ld ing would have been u s e d , to r e d u c e 
the n u m b e r of counts caused by g a m m a r a d i a t i o n . M o r e sh ie ld ing was not 
f ea s ib l e in such c l o s e q u a r t e r s . G r e a t e r a c c u r a c y is a n t i c i p a t e d in any 
future m e a s u r e m e n t s . Those p e r f o r m e d in A s s e m b l y 3 w e r e e x p l o r a t o r y , 
to d e t e r m i n e whe the r the p r o p o r t i o n a l - c o u n t e r me thod of m e a s u r i n g f a s t -
n e u t r o n e n e r g y d i s t r i bu t i on was feas ib le in the c r i t i c a l e x p e r i m e n t . 

A m o r e a c c u r a t e m e a s u r e m e n t , app l i cab le to AARR, would be 
p o s s i b l e in a de ta i l ed r e f l e c t o r and b e a m tube mockup , s o m e w h a t a s d e 
s c r i b e d in C h a p t e r VIII. 

2. C o m p a r i s o n of the F a s t - n e u t r o n Yie lds f rom a Radia l B e a m 
Tube and a Tangen t ia l B e a m Tube 

The advantage of a t angent ia l b e a m tube ove r a r a d i a l tube , as 
judged by a lower fas t - f lux yield, was i nves t i ga t ed by jo in t A N L - O R N L m e a 
su remen t s^^ in the High F lux I so tope R e a c t o r (HFIR) . The m e a s u r e d y i e l d s 
w e r e for HFIR r ad i a l tube HB-2 and t angen t i a l tube H B - 3 . The a d v a n t a g e s 
found in HFIR a r e expec ted to apply to AARR as wel l , b e c a u s e of the u s e of 
beryl l iunn r a d i a l r e f l e c t o r s a round both c o r e s . Only a s y n o p s i s of tha t w o r k 
is inc luded in th is r e p o r t b e c a u s e it is expec ted that a s e p a r a t e r e p o r t wi l l 
be i s s u e d c o v e r i n g the m e a s u r e m e n t s . Th i s w o r k is m u c h m o r e a c c u r a t e 
than was the m e a s u r e m e n t in the c r i t i c a l exper innent , b e c a u s e of the m u c h 
h ighe r power l eve l . O t h e r w i s e the m e a s u r e m e n t was s i m i l a r to that d e 
s c r i b e d under Sect ion 1 above . 

A c o l l i m a t o r having an exit hole 3.2 m m (0.125 in . ) in d i a m e t e r 
and r e f e r r e d to as the "needle b e a m " was u s e d to r e d u c e the n e u t r o n i n t ens i t y 
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to a l eve l suff ic ient ly low to be a c c e p t a b l e by the p r o t o n - r e c o i l c o u n t e r s . 
A b o r a l s h u t t e r (0.47 g of b o r o n p e r cm^) was p l aced a c r o s s the beann to cut 
off the t h e r m a l n e u t r o n s f r o m the c o u n t e r when o b s e r v e d . 

The t e c h n i q u e of p r o t o n - r e c o i l p r o p o r t i o n a l count ing has been d e 
s c r i b e d e l s e w h e r e . ' The c o u n t e r s w e r e conven t iona l c y l i n d r i c a l tubes 
with a f i v e - w i r e a n o d e . Two c o u n t e r s w e r e used , one to c o v e r the ene rgy 
r eg ion above 100 keV and one for e n e r g i e s below th i s va lue . The f i r s t was 
3.71 c m in d i a m e t e r and was f i l led to a p r e s s u r e of about 3 a t m of me thane 
(and n i t r o g e n w a s added for c a l i b r a t i o n , to a p r e s s u r e of 5 c m Hg). The 
second was 2 .54 c m in d i a m e t e r and was fi l led to a p r e s s u r e of about 3.5 a tm 
of hyd rogen , wh ich inc luded s o m e m e t h a n e for quenching and some n i t rogen 
for c a l i b r a t i o n . The n i t r o g e n c a l i b r a t i o n was th rough the N(n,p) C r eac t i on 
o c c u r r i n g when t h e r m a l n e u t r o n s w e r e inc iden t upon the c o u n t e r . P r o t o n s 
of about 615 keV a r e r e l e a s e d th rough a b s o r p t i o n of t h e r m a l n e u t r o n s , and 
t h e s e s e r v e to c a l i b r a t e the o b s e r v e d pu l se he ights f rom the c o u n t e r s in 
t e r m s of p r o t o n e n e r g y . The c o u n t e r s w e r e a l igned p e r p e n d i c u l a r to the 
b e a m (coun te r ax i s at an angle of 90° to the b e a m d i r e c t i o n ) . The beam 
t r a v e r s e d the c o u n t e r s a long a d i a m e t e r , and the m a c r o s c o p i c s c a t t e r i n g 
c r o s s s e c t i o n s w e r e c a l c u l a t e d fronn the d i a m e t e r s and p r e s s u r e s . M e a s u r e d 
s p e c t r a r e f e r to the to ta l n u m b e r of n e u t r o n s in the need le b e a m . 

F a s t - n e u t r o n s p e c t r a w e r e m e a s u r e d with the b o r a l s h u t t e r in 
p l a c e . The e l i m i n a t i o n of t h e r m a l n e u t r o n s r e d u c e s the amount of c a p t u r e 
g a m m a b a c k g r o u n d c a u s e d by a b s o r p t i o n of n e u t r o n s in the 0 . 8 - m m - t h i c k 
s t a i n l e s s s t e e l w a l l s of the c o u n t e r s . The c o u n t e r s w e r e c a l i b r a t e d , and 
t h e r m a l - n e u t r o n f luxes w e r e e s t i m a t e d by r e m o v i n g the bo ra l shu t t e r and 
o b s e r v i n g the ' V ( n , p ) ' * C r e a c t i o n that p r o d u c e s p r o t o n s of about 615 keV. 

*rhe in t eg ra t ed n u m b e r of r e a c t i o n 
p r o t o n s was d e t e r m i n e d , and th is 
n u m b e r , t oge the r with the va lue of 
1.8 b a r n s for the r e a c t i o n c r o s s 
sec t ion , was used to e s t i m a t e the 
t h e r m a l - n e u t r o n flux in the b e a m . 

The s p e c t r a shown by 
F i g s . 130 and 131 a r e for the r a d i a l 
and tangent ia l b e a m s , r e s p e c t i v e l y . 
and r e l a t e to an o p e r a t i n g r e a c t o r 
power of 16.2 MW. G a m m a b a c k 
ground dur ing the r ad i a l m e a s u r e 
m e n t s was high, and the r e s u l t s a r e of 
r e l a t i v e l y poor qua l i ty (no da ta ex i s t 
b e l o w l 5 k e V ) . The b lank reg ion f rom 

112-6306 Rev. 2 200 to 300 keV was c a u s e d by a m a l 
function; the da ta that would have cov -

FiB. 130. Neutron-energy Distribunon, Emergent _ . . , . . „ j 
^ from RadialTeam Tube of HFK e r e d th is r eg ion w e r e not p r e s e r v e d . 
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a r e b e t t e r ; g a m m a b a c k g r o u n d w a s 
l e s s , and m o r e of the l o w - e n e r g y 
r e s p o n s e was r e c o r d e d . Data above 
1 MeV a r e not r e l i a b l e b e c a u s e of 
w a l l - a n d - e n d effects tha t o c c u r as 
the r a n g e of the r e c o i l - p r o t o n t r a c k 
b e c o m e s s ign i f ican t r e l a t i v e to the 
d i a m e t e r of the c o u n t e r u s e d . 
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Fig. 131. Neutron-energy Distribution, Emergent 
from Tangential Beam Tube of HFIR 

T h e s p e c t r a a p p e a r t o p o s 

s e s s a r a t h e r c o m p l i c a t e d d e p e n 

d e n c e u p o n e n e r g y . T h e d i p s t h a t 

a p p e a r a r e t h o u g h t t o b e r e l a t e d 

t o s c a t t e r i n g r e s o n a n c e s i n a l u m i 

n u m . A l u m i n u m w a s u s e d w i d e l y 

in c o n s t r u c t i o n of t h e b e a m t u b e , 

a n d c o v e r s of a l u m i n u m w e r e p l a c e d 

a c r o s s t h e b e a m p a t h i n s i d e t h e r e a c t o r - s h i e l d t a n k t o p r o v i d e a r e g i o n 

f o r f l o o d i n g t h e t u b e a s a s a f e t y p r e c a u t i o n . 

D i r e c t l / v a b s o r p t i o n of n e u t r o n s t h r o u g h t h e b o r a l s h u t t e r , 

t h o u g h e f f e c t i v e l y e l i m i n a t i n g t h e r m a l n e u t r o n s , w o u l d n o t a f f e c t t h e s p e c 

t r u m a b o v e 3 k e V to a n y a p p r e c i a b l e e x t e n t . 

A c o m p a r i s o n b e t w e e n t h e r a d i a l a n d t a n g e n t i a l s p e c t r a i n d i c a t e s 

t h a t , f o r e n e r g i e s b e l o w a b o u t 5 0 0 k e V , t h e m a g n i t u d e a n d s h a p e of l e a k a g e 

s p e c t r a d o n o t d i f f e r g r e a t l y . A r a p i d i n c r e a s e in t h e f a s t - n e u t r o n c o m 

p o n e n t a b o v e 5 0 0 k e V i s c l e a r l y i n d i c a t e d f o r t h e r a d i a l b e a m , b u t n o t f o r 

t h e t a n g e n t i a l b e a m . U n f o r t u n a t e l y , t h i s i n c r e a s e s t a r t s a t a b o u t t h e l i m i t 

of t h e p r o t o n - r e c o i l t e c h n i q u e a s a p p l i e d t o t h i s m e a s u r e m e n t , a n d t h e 

d e t a i l of t h i s i n c r e a s e c o u l d n o t b e f o l l o w e d a b o v e 1 M e V . T h r e s h o l d d e 

t e c t o r m e a s u r e m e n t s , t h e r e s u l t s of w h i c h w i l l b e c o n t a i n e d in a n y f i n a l 

s u m m a r y , s h o u l d r e v e a l m o r e a b o u t t h i s i n c r e a s e . 

T h e s i g n i f i c a n c e of F i g s . 130 a n d 131 i s t h a t t h e r e a r e n o u n -
c o l l i d e d n e u t r o n s in t h e t a n g e n t i a l b e a m t u b e , a n d t h e s e a c c o u n t f o r m u c h 
of t h e v i s i b l e d i f f e r e n c e in t h e p l o t s . 

A n e s t i m a t e of t h e r m a l n e u t r o n s in t h e t a n g e n t b e a m f r o m t h e 

' N ( n , p ) ' ' ' C r e a c t i o n g a v e t h e r e s u l t : 

T a n g e n t t h e r m a l f l ux = ( 2 . 6 ± 0 . 4 ) x 1 0 ^ / s e c w i t h r e a c t o r p o w e r 
a t 16 .2 M W . 



159 

ACKNOW LEDGMEN TS 

The Argonne Advanced Research Reactor Project Physicis ts , first 
C. N. Kelber, and later D. H. Shaftman, requested experimental verification 
of several physics charac te r i s t i cs of the AARR design, and thereby indicated 
the general p rogram for the resulting crit ical experiment. Many of the ana
lytical and computational resul ts quoted in this report, for comparison with 
the experimental measurements , were provided by D. H Shaftman, R P. Savio, 
and A. E. McArthy. 

The design and procurement of a core for the critical experiment 
were started under the direction of S. G. Kaufmann. The experiment was 
continued by K. E. Plumlee through the safety review, assembly, startup, 
operation, and final reporting. E. F. Groh prepared much of the design of 
the core and components and guided the initial installation. 

The general a reas of activities were as follows among the staff 
members and their ass is tants in the crit ical experiment. G. S. Stanford--
flux and power distributions, spectral indices, and thermoluminescent 
dosimetry measurements , J. W. Daughtry--Rossi-alpha, pulsed-neutron, 
and smal l - sample reactivity measurennents; W. R. Robinson--void worths, 
temperature coefficients, and assistance with flux and power measurements , 
R A. Schultz--electronic maintenance and instrumentation for the reactor 
and many experiments , as well as assistance in many measurennents. 
T. W. Johnson--ass is tance with thermoluminescent dosinnetry. beam-tube 
measurements , and many other experiments, F . F . Kodrick--mechanical 
upkeep, fuel records , and participation in many experimental runs; 
F . H. Martens (available for a brief time only)--the ITC safety liner, and 
the thick-hafnium-blade experiment; J. W. Arnnstrong--assistance with 
operation and prel iminary reporting. H. F . Reed and A. R. Boynton par
ticipated in the experiment for short periods. 

Much of the installation and many components were provided by 
J. P . Rowley, R. Bruce, D. A. Cassidy, C. Kotora, and A. Siebert of the 
Central Shops Division. 

Assistance with a rather difficult fuel-procurement contract was 
provided by H. V. Ross, Assistant Business Manager, H. L. Walner, Legal 
Department; and C. H. Bean, Metallurgy Division. 



160 

REFERENCES 

1. J. W. L. de Villiers (ed.), Critical Experiments for the Preliminary 
Design of the Argonne High Flux Reactor, ANL-6357 (June 1961). 

2. D. H. Shaftman and R. P. Savio, "Argonne Advanced Research Reactor 
(AARR)," Seminar on Intense Neutron Sources, CONF-660925, p. 215 
(Sept 1966). 

3. K. E. Plumlee, Flux Trap Experiments in D20-moderated Thoria-Urania 
Cores, ANL-6915 (Oct 1964). 

4. E. M. Pennington, Calculations for ZPR-VII Flux-trap Reactors with 
Heavy Water-moderated Cores, ANL-6406 (Aug 1961). 

5. ANL Reactor Development Program Progress Report: December 1965, 
ANL-7132, p. 66 (issued Jan. 25, 1966). 

6. R. P. Savio and D. H. Shaftman, "Argonne Advanced Research Reactor 
Calculations—Analysis of the Critical Experiments," Paper No. 11-17, 
Reactor Physios Division Annual Report: July 1, 1965 to June 30, 1966, 
ANL-7210, pp. 80-82 (Dec 1966). 

7. F. H. Helm, Numerical Determination of Flux Perturbation by Foils, 
Nucl. Sci. Eng. 16, 235-238 (June 1963). 

8. W. R. Robinson and G. S. Stanford, "Argonne Advanced Research Reactor 
Critical Experiments—Activation and Povjer Distribution Measurements," 
Paper No. 11-12, Reactor Physios Division Annual Report: July 1, 1965 
to June 30, 1966, ANL-7210, pp. 59-70 (Dec 1966). 

9. C. H. Westcott, Effective Neutron Cross Sections for Well-moderated 
Thermal Reactor Spectra, AECL-1101 (CRRP-960) (Nov 1960). 

10. G. M. Jacks, A Study of Thermal and Resonance Neutron Flux Detectors, 
DP-608 (Aug 1961). 

11. N. P. Baumann, Resonance Integrals and Self-shielding Factors for 
Detector Foils, DP-817 (Jan 1963). 

12. B. G. Chidley, R. B. Turner, and C. B. Bigham, Neutron Temperatures 
in a CANDU-type Power Reactor, Nucl. Sci. Eng. 16, 1, 1963. 

13. A. E. McArthy, P. J. Persiani, B. I Spinrad, and L. J. Templin, 
ANL Reactor Physics Constants Center Newsletter No. 1, Neutron Re
sonance Integral and Age Data (1961). 

14. E. J. Axton and T. B. Ryves, Scattering Resonance Shelf-shielding 
Correction for Manganese Sulphate Solutions, J. Nucl. Enerev 21 
543 (1967). 



161 

15. "Experiments on Neutron Spectra," Reactor Physics Constants, ANL-5800 
(Second Edition), pp. 91-98 and Table 3-5 (July 1963). 

16. K. E. Plumlee and M. T. Wiggins, Automatic Foil Activity Counting 
Facility and Data-reduction Program, ANL-6628 (Oct 1962). 

17. G. S. Stanford, The Codes NURF, COMBO, and TWO SORCE for Proaeeeing 
Foil Counting Data, ANL-7356 (1967). 

18. R. H. Lewis, T. C. Engelder , D. M. Rober ts , and D. M. Wehmeyer, 
Thermal Activation Method for p^S Measurements in Slightly Enriched 
Uranium Oxide Lattices, BAW-1268 (1963). 

19. G. S. S tanfo rd , "Determination of the K-constant for the Dysprosium 
S u b s t i t u t i o n Method," Paper No. V-12, Reactor Physics Division Annual 
Report: July 1, 1965 to June 30, 1966, ANL-7210, pp. 325-327 
(Dec 1966). 

20. G. S. Stanford, "Attenuation of Epicadmium Neutrons by Cadmium Foil 
Covers," Paper No. lV-11, Reactor Physics Division Annual Report: 
July 1, 1963 to June 30, 1964, ANL-7010, pp. 203-206 (Jan 1965). 

21. G. S. Stanford, K. E. Plumlee, and W. R. Robinson, "Linear Relation
ship between Cadmium Ratio and Reactor Core Moderating Ratio," Reactor 
Physics Division Annual Report: July 1, 1964 to June 30, 196S, 
ANL-7110, pp. 31-34 (Dec 1965). 

22. G. S. Stanford and K. E. Plumlee, Linear Relationship between Cadmium 
Ratio and Reactor Core Composition, Trans. Am. Nucl. Soc. 8, 1 (1965), 
pp. 270-271. 

23. H. Kouts, Beam Tube Design for the High Flux Beam Reactor, J. Nucl. 
Energy 17, p. 153 (1963). 

24. C. N. Kelber, Enhancement of Experimenters' Fluxes in the Argonne 
Advanced Research Reactor, Trans. Am. Nucl. Soc. 6, 1, p. 5 (1963). 

25. Handbook of Chemistry and Physics, Chemical Rubber Publishing Co., 
46th ed., p. F-4. 

26. W. C. Davidon, Variable Metric Method for Minimization, ANl,-5990 
(Rev.) (Nov 1959). 

27. G. S. Stanford and T. W. Johnson, Determination of Gama-ray Heating 
in a Critical Facility by Therrniolumineeaent Dosimetry, ANL-7373 
(Feb 1968). 

28. L. H. Gray, An Ionization Method for the Absolute Measurement of 
y-Ray Energy, Proc. Roy. Soc. (London), 1936, A-156, pp. 578-596. 

29. L. V. Spencer and F. H. Attix, Theory of Cavity Ionization, Radiation 
Research 3 (1955), pp. 239-254. 



162 

30. A. E. McArthy and D. H. Shaftman, Argonne National Laboratory (private 
coiranunication). 

31. F. H. Attix, Present Status of Dosimetry by Radiophotolumineecence and 
Thermoluminescence Methods, NRL-6145 (1964). 

32. Z. Spurny, Thermoluminescent Dosimetry, At. Energy Rev. 3, No. 2, 
pp. 61-115 (1965). 

33. D. H. Shaftman, Argonne National Laboratory (private coiranunication). 

34. E. F. Bennett, "Neutron Beam Spectra Extracted from the High Flux 
Irradiation Reactor," Paper No. 11-7, Reactor Physics Division 
Annual Report: July 1, 1965 to June 30, 1966, ANL-7210, pp. 45 and 
46 (Dec 1966). 

35. E. F. Bennett, Argonne National Laboratory (private communication). 

36. E. F. Bennett, A Study of the l/E Slowing-down Neutron Spectrum Using 
4-v-recoil Proportional Counters, ANL-6897 (Sept 1964). 

37. E. F. Bennett, Fast Neutron Spectroscopy by Proton-recoil Proportional 
Counting, Nucl. Sci. Eng. 27, 16-27 (1967). 



ARGONNE NATDNM. LAB WEST 

I 


